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This assessment represents a collaboration among the U.S. Environmental Protection Agency’s (USEPA'’s)
Region 10, Office of Water, and Office of Research and Development. It was conducted as an ecological risk
assessment to evaluate the potential impacts of large-scale porphyry copper mine development on salmon and
other salmonid fishes and their habitats and consequent effects on wildlife and Alaska Native cultures in the
Nushagak and Kvichak River watersheds of Bristol Bay, Alaska. It is hot an assessment of a specific mine
proposal for development, but the mine scenarios considered in the assessment are based on a published
plan to mine the Pebble deposit. The assessment does not outline or evaluate decisions made or to be made
by USEPA.

The first external review draft of this assessment (EPA 910-R-12-004) was released in May 2012 for a 60-day
public comment period and external peer review by 12 independent expert reviewers. The revised, second
external review draft was released in April 2013 (EPA 910-R-12-004B) for another 60-day public comment
period and follow-on review by the same 12 peer reviewers. All public and peer review comments on the two
drafts were considered in the development of this final assessment.
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EXECUTIVE SUMMARY

The Bristol Bay watershed in southwestern Alaska supports the largest sockeye salmon fishery in the
world, is home to 25 federally recognized tribal governments, and contains significant mineral
resources. The potential for large-scale mining activities in the watershed has raised concerns about the
impact of mining on the sustainability of Bristol Bay’s world-class commercial, recreational, and
subsistence fisheries and the future of Alaska Native tribes in the watershed, who have maintained a

salmon-based culture and subsistence-based way of life for at least 4,000 years.

The U.S. Environmental Protection Agency (USEPA) launched this assessment to determine the
significance of Bristol Bay’s ecological resources and evaluate the potential impacts of large-scale mining
on these resources. It uses the well-established methodology of an ecological risk assessment, which is a
type of scientific investigation that provides technical information and analyses to foster public
understanding and inform future decision making. As a scientific assessment, it does not discuss or
recommend policy, legal, or regulatory decisions, nor does it outline or analyze options for future
decisions.

This assessment characterizes the biological and mineral resources of the Bristol Bay watershed. It is
intended to increase understanding of potential impacts of large-scale mining on the region’s fish
resources and serve as a technical resource for the public and for federal, state, and tribal governments
as they consider how best to address the challenges posed by mining and ecological protection in the
Bristol Bay watershed. It will inform ongoing discussions of the risks of mine development to the
sustainability of the Bristol Bay salmon fisheries and thus will be of value to the many stakeholders in
this debate.

The assessment also will inform the consideration of options for future government action, including,
possibly, by USEPA, which has been petitioned by multiple groups to address mining activity in the
Bristol Bay watershed using its authority under the Clean Water Act (CWA). Should specific mine

projects reach the permitting stage, the assessment will enable state and federal permitting authorities
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to make informed decisions to grant, deny, or condition permits and/or conduct additional research or
assessment as a basis for such decisions. USEPA conducted this assessment consistent with its authority
under the CWA Section 104(a) and (b).

Scope of the Assessment

This assessment reviews, analyzes, and synthesizes information relevant to potential impacts of large-
scale mine development on Bristol Bay fisheries and consequent effects on wildlife and Alaska Native
cultures in the region. Given the economic, ecological, and cultural importance of the region’s key
salmonids (sockeye, Chinook, coho, chum, and pink salmon, as well as rainbow trout and Dolly Varden)
and stakeholder and public concern that a mine could affect those species, the primary focus of the
assessment is the abundance, productivity, and diversity of these fishes. Because wildlife in Bristol Bay
are intimately connected to and dependent on these and other fishes, changes in these fisheries are
expected to affect the abundance and health of wildlife populations. Alaska Native cultures have strong
nutritional, cultural, social, and spiritual dependence on salmon, so changes in salmon fisheries are
expected to affect the health and welfare of Alaska Native populations. Therefore, wildlife and Alaska
Native cultures are also considered as assessment endpoints, but only as they are affected by changes in

salmonid fisheries.

The assessment considers multiple geographic scales. The largest scale is the Bristol Bay watershed,
which is a largely undisturbed region with outstanding natural, cultural, and mineral resources. Within
the larger Bristol Bay watershed, the assessment focuses on the Nushagak and Kvichak River
watersheds (Figure ES-1). These are the largest of the Bristol Bay watershed’s six major river basins,
containing about 50% of the total watershed area, and are identified as mineral development areas by
the State of Alaska. Given its size and extent of characterization, the Pebble deposit is the most likely site
for near-term, large-scale mine development in the region. Because the Pebble deposit is located in the
headwaters of tributaries to both the Nushagak and Kvichak Rivers, both of these watersheds are
subject to potential risks from mining. The third geographic scale is the watersheds of the three
tributaries that originate within the potential footprint of a mine on the Pebble deposit: the South Fork
Koktuli River, which drains the Pebble deposit area and converges with the North Fork west of the
Pebble deposit; the North Fork Koktuli River, located to the northwest of the Pebble deposit, which
flows into the Nushagak River via the Koktuli and Mulchatna Rivers; and Upper Talarik Creek, which
drains the eastern portion of the Pebble deposit and flows into the Kvichak River via [liamna Lake, the
largest undeveloped lake in the United States (Figure ES-1). The mine footprints in the three realistic
mine scenarios evaluated in the assessment make up the fourth geographic scale. These scenarios—
Pebble 0.25, Pebble 2.0, and Pebble 6.5—define three potential mine sizes, representing different stages
in the potential mining of the Pebble deposit. The final geographic scale is the combined area of the
subwatersheds between the mine footprints and the Kvichak River watershed’s eastern boundary that

would be crossed by a transportation corridor linking the mine site to Cook Inlet.
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Figure ES-1. The Nushagak and Kvichak River watersheds of Bristol Bay.
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The assessment also addresses two periods for mine activities. The first is the development and
operation phase, during which mine infrastructure would be built and the mine would be operated. This
phase may last from 20 to 100 years or more. The second is the post-mining phase, during which the site
would be monitored and maintained. Water treatment and other waste management activities would
continue as necessary and any failures would be remediated. Because mine wastes would be persistent,

this period could continue for centuries and potentially in perpetuity.

We began the assessment with a thorough review of what is known about the Bristol Bay watershed, its
fisheries and wildlife populations, and its Alaska Native cultures. We also reviewed information about
copper mining and publicly available information outlining proposed mine operations for the Pebble
deposit. The Pebble deposit has been the focus of much exploratory study and has received significant
attention from groups in and outside of Alaska. With the help of regional stakeholders, we developed a
set of conceptual models to show potential associations between salmon populations and the
environmental stressors that might reasonably result from large-scale mining. Then, following the
USEPA'’s ecological risk assessment framework, we analyzed the sources and exposures that would
occur and potential responses to those exposures. Finally, we characterized the risks to fish habitats,
salmon, and other fish populations, as well as the implications of those risks for the wildlife and Alaska

Native cultures that use them.

This is not an in-depth assessment of a specific mine, but rather an examination of potential impacts of
reasonably foreseeable mining activities in the Bristol Bay region, given the nature of the watershed’s
mineral deposits and the requirements for successful mine development. The assessment analyzes mine
scenarios that reflect the expected characteristics of mine operation at the Pebble deposit. It is intended
to provide a baseline for understanding potential impacts of mine development, not just at the Pebble
deposit but throughout the Nushagak and Kvichak River watersheds. The mining of other existing
porphyry copper deposits in the region would be expected to include the same types of activities and
facilities evaluated in this assessment for the Pebble deposit (open pit mining and the creation of waste
rock piles and tailings storage facilities [TSFs]), and therefore would present potential risks similar to
those outlined in this assessment. However, because the region’s other ore bodies are believed to be
much smaller than the Pebble deposit, those mines would likely be most similar to the smallest mine

scenario analyzed in this assessment (Pebble 0.25).

This assessment considers many but not all potential impacts associated with future large-scale mining
in the Bristol Bay watershed. Although the mine scenarios assume development of a deep-water port on
Cook Inlet to ship product concentrate elsewhere for smelting and refining, impacts of port development
and operation are not assessed. The assessment does not evaluate impacts of the one or more large-
capacity electricity-generating power plants that would be required to power the mine and the port. We
recognize that large-scale mine development would induce the development of additional support
services for mine employees and their families, vacation homes and other recreational facilities, and
transportation infrastructure beyond the main corridor (i.e., airports, docks, and roads). The assessment
describes but does not evaluate the effects of induced development resulting from large-scale mining in

the region. Direct effects of mining on Alaska Natives and wildlife are not assessed. The assessment also
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does not include a cost-benefit analysis and does not compare mining to other ongoing activities such as

commercial fishing.

Ecological Resources

The Bristol Bay watershed provides habitat for numerous animal species, including at least 29 fish
species, more than 40 terrestrial mammal species, and more than 190 bird species. Many of these
species are essential to the structure and function of the region’s ecosystems and current economies.
The Bristol Bay watershed supports several wilderness compatible and sustainable economic sectors,
such as commercial, sport, and subsistence fishing; sport and subsistence hunting; and non-consumptive
recreation. Considering all these sectors, the Bristol Bay watershed’s ecological resources generated
nearly $480 million in direct economic expenditures and sales in 2009 and provided employment for

over 14,000 full- and part-time workers.

Chief among these ecological resources are world-class commercial and sport fisheries for Pacific
salmon and other salmonids. The region’s commercial salmon fishery generates the largest component
of economic activity. The watershed supports production of all five species of Pacific salmon found in
North America: sockeye (Oncorhynchus nerka), coho (O. kisutch), Chinook (0. tshawytscha), chum (0.
keta), and pink (0. gorbuscha) (Figure ES-2). These fishes are anadromous, meaning that they hatch and
rear in freshwater systems, migrate to sea to grow to adult size, and return to freshwater systems to
spawn and die. Because no hatchery fish are raised or released in the watershed, Bristol Bay’s salmon

populations are entirely wild.

The most abundant salmon species in the Bristol Bay watershed is sockeye salmon. The watershed
supports the largest sockeye salmon fishery in the world, with approximately 46% of the average global
abundance of wild sockeye salmon (Figure ES-3). Between 1990 and 2009, the annual average inshore
run of sockeye salmon in Bristol Bay was approximately 37.5 million fish. Annual commercial harvest of
sockeye over this same period averaged 25.7 million fish. Approximately half of Bristol Bay’s sockeye
salmon production is from the Nushagak and Kvichak River watersheds, the main area of focus for this

assessment (Figure ES-3).

Chinook salmon are also abundant in the region. Chinook returns to the Nushagak River are consistently
greater than 100,000 fish per year and have exceeded 200,000 fish in 11 years between 1966 and 2010,
frequently placing Nushagak River Chinook runs at or near the world’s largest. This is noteworthy given
the Nushagak River’s small watershed area compared to other Chinook-producing rivers such as the
Yukon River, which spans Alaska and much of northwestern Canada, and the Kuskokwim River in

southwestern Alaska, just north of Bristol Bay.
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Figure ES-2. Reported salmon (sockeye, Chinook, coho, pink, and chum combined) distribution in
the South and North Fork Koktuli River and Upper Talarik Creek watersheds. Desighation of species
spawning, rearing, and presence is based on the Anadromous Waters Catalog (Johnson and Blanche

2012). Life-stage-specific reach designations are believed to be underestimates, given the challenges
inherent in surveying all streams that may support life-stage use throughout the year.
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Figure ES-3. Proportion of total sockeye salmon run sizes by (A) region and (B) watershed in the
Bristol Bay region. Values are averages from (A) 1956 to 2005 from Ruggerone et al. 2010 and (B)

1956 to 2010 from Baker pers. comm.
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The Bristol Bay watershed also supports populations of non-salmon fishes that typically (but not
always) remain in the watershed’s freshwater habitats throughout their life cycles. The region contains
highly productive waters for sport and subsistence fish species, including rainbow trout (0. mykiss),
Dolly Varden (Salvelinus malma), Arctic char (S. alpinus), 1ake trout (S. namaycush), Arctic grayling
(Thymallus arcticus), northern pike (Esox lucius), and humpback whitefish (Coregonus pidschian). These
fishes occupy a variety of habitats in the watershed, from headwater streams to wetlands to large rivers
and lakes. The Bristol Bay region is especially renowned for the size and abundance of its rainbow trout:
between 2003 and 2007, an estimated 183,000 rainbow trout were caught in the Bristol Bay

Management Area.

The exceptional quality of the Bristol Bay watershed’s fish populations can be attributed to several
factors, the most important of which is the watershed'’s high-quality, diverse aquatic habitats unaltered
by human-engineered structures and flow management controls. Surface and subsurface waters are
highly connected, enabling hydrologic and biochemical connectivity between wetlands, ponds, streams,
and rivers and thereby increasing the diversity and stability of habitats able to support fish. These
factors all contribute to making the Bristol Bay watershed a highly productive system. High aquatic
habitat diversity also supports the high genetic diversity of fish populations. This diversity in genetics,
life history, and habitat acts to reduce year-to-year variability in total production and increase overall
stability of the fishery.

The return of spawning salmon from the Pacific Ocean brings marine-derived nutrients into the
watershed and fuels both aquatic and terrestrial foodwebs. Thus, the condition of Bristol Bay’s
terrestrial ecosystems is intimately linked to the condition of salmon populations, as well as to almost
totally undisturbed terrestrial habitats. The watershed continues to support large carnivores such as
brown bears (Ursus arctos), bald eagles (Haliaeetus leucocephalus), and gray wolves (Canis lupus);
ungulates such as moose (Alces alces gigas) and caribou (Rangifer tarandus granti); and numerous
waterfowl and small mammal species. Brown bears are abundant in the Nushagak and Kvichak River
watersheds. Moose also are abundant, particularly in the Nushagak River watershed where felt-leaf
willow, a preferred forage species, is plentiful. The Nushagak and Kvichak River watersheds are used by
caribou, primarily the Mulchatna caribou herd. This herd ranges widely through these watersheds, but

also spends considerable time in other watersheds.

Alaska Native Cultures

The predominant Alaska Native cultures present in the Nushagak and Kvichak River watersheds—the
Yup’ik and Dena’ina—are two of the last intact, sustainable, salmon-based cultures in the world. In
contrast, other Pacific Northwest salmon-based cultures are severely threatened by development,
degraded natural resources, and declining salmon resources. Salmon are integral to these cultures’
entire way of life via the provision of subsistence food and subsistence-based livelihoods, and are an
important foundation for their language, spirituality, and social structure. The cultures have a strong

connection to the landscape and its resources. In the Bristol Bay watershed, this connection has been
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maintained for at least 4,000 years and is in part both due to and responsible for the continued
undisturbed condition of the region’s landscape and biological resources. The respect and importance
given salmon and other wildlife, along with traditional knowledge of the environment, have produced a
sustainable subsistence-based economy. This subsistence-based way of life is a key element of Alaska
Native identity and serves a wide range of economic, social, and cultural functions in Yup’ik and

Dena’ina societies.

There are 31 Alaska Native villages in the wider Bristol Bay region, 25 of which are located in the Bristol
Bay watershed. Fourteen of these communities are within the Nushagak and Kvichak River watersheds,
with a total population of 4,337 in 2010. Thirteen of these 14 communities have federally recognized
tribal governments and a majority Alaska Native population. Many of the non-Alaska Native residents in
the watersheds have developed cultural ties to the region and they also practice subsistence. Virtually
every household in the watersheds uses subsistence resources. In the Bristol Bay region, salmon
constitute approximately 52% of the subsistence harvest; for some communities this proportion is

substantially higher.

The subsistence-based way of life in many Alaska Native villages is augmented with activities that
support cash economy transactions, including commercial fishing. Alaska Native villages, in partnership
with Alaska Native corporations and other business interests, are considering a variety of economic
development opportunities. Some Alaska Native villages have decided that large-scale mining is not the
course they would like to pursue, whereas a few others are seriously considering this opportunity. All

are concerned with the long-term sustainability of their communities.

Geological Resources

In addition to significant and valuable ecological resources, the Nushagak and Kvichak River watersheds
contain considerable mineral resources. The potential for large-scale mine development in the region is
greatest for copper deposits and, to a lesser extent, for intrusion-related gold deposits. Because these
deposits are low-grade—meaning that they contain relatively small amounts of metals relative to the
amount of ore—mining will be economic only if conducted over large areas and will necessarily produce

large amounts of waste material.

The largest known and most explored deposit is the Pebble deposit. If fully mined, the claim holder
estimates that the Pebble deposit would produce more than 11 billion tons of ore, which would make it
the largest mine of its type in North America. A mine at the Pebble deposit could ultimately generate
revenues between $300 billion to $500 billion over the life of the mine, as well as provide more than

2,000 jobs during mine construction and more than 1,000 jobs during mine operation.

Although the Pebble deposit represents the most imminent site of mine development, other mineral
deposits with potentially significant resources exist in the Nushagak and Kvichak River watersheds. Ten

specific claims with more than minimal recent exploration (in addition to the Pebble deposit claim) have
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been filed for copper deposits. Most of these claims are near the Pebble deposit. The potential impacts of

large-scale mining considered in this assessment are generally applicable to these other sites.

Mine Scenarios

Like all risk assessments, this assessment is based on scenarios that define a set of possible future
activities and outcomes. To assess mining-related stressors that would affect ecological resources in the
watershed, we developed realistic mine scenarios that include a range of mine sizes and operating
conditions. These mine scenarios are based on the Pebble deposit because it is the best-characterized
mineral resource and the most likely to be developed in the near term. The mine scenarios draw on
preliminary plans developed for Northern Dynasty Minerals, consultation with experts, and baseline
data collected by the Pebble Limited Partnership to characterize the mine site, mine activities, and the
surrounding environment. The exact details of any future mine plan for the Pebble deposit or for other
deposits in the watershed will differ from our mine scenarios. However, our scenarios reflect the general
characteristics of mineral deposits in the watershed, modern conventional mining technologies and
practices, the scale of mining activity required for economic development of the resource, and the
infrastructure needed to support large-scale mining. Therefore, the mine scenarios evaluated in this
assessment realistically represent the type of development plan that would be anticipated for a
porphyry copper deposit in the Bristol Bay watershed. Uncertainties associated with the mine scenarios

are discussed later in this executive summary.

The three mine scenarios evaluated in the assessment represent different stages of mining at the Pebble
deposit, based on the amount of ore processed: Pebble 0.25 (approximately 0.25 billion tons [0.23
billion metric tons] of ore over 20 years), Pebble 2.0 (approximately 2.0 billion tons [1.8 billion metric
tons] of ore over 25 years), and Pebble 6.5 (approximately 6.5 billion tons [5.9 billion metric tons] of ore
over 78 years). The major parameters of the three mine scenarios are presented in Table ES-1, and their
layouts are presented in Figure ES-4. The major components of each mine would be an open mine pit,
waste rock piles, and one or more TSFs. Other significant features include plant and ancillary facilities
(e.g., a water collection and treatment system, an ore-processing facility, and other facilities associated
with mine operations) and the groundwater drawdown zone (the area over which the water table is
lowered due to dewatering of the mine pit). An underground extension of the mine, which could

increase the size of the mine to 11 billion tons of ore, is not included in this assessment.

Each of these mine scenarios includes a 138-km (86-mile) transportation corridor; 113 km (70 miles) of
the corridor would fall within the Kvichak River watershed (Figure ES-5). This corridor would include a
gravel-surfaced road and four pipelines (one each for product concentrate, return water, diesel fuel, and

natural gas).

The assessment considers risks from routine operation of a mine designed using modern conventional
design, practices, and mitigation technologies, assuming no significant human or engineering failures.

The assessment also considers various types of failures that have occurred during the operation of other
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mines and that could occur in this case, including failures of a wastewater treatment plant, a tailings
dam, pipelines, and culverts.

Table ES-1. Mine scenario parameters.

Mine Scenario
Parameter Pebble 0.25 Pebble 2.0 Pebble 6.5

Amount of ore mined (billion metric tons) 0.23 1.8 5.9
Approximate duration of mining (years) 20 25 78
Ore processing rate (metric tons/day) 31,100 198,000 208,000
Mine Pit

Surface area (km2) 1.5 5.5 17.8

Depth (km) 0.30 0.76 1.24
Waste Rock Pile

Surface area (km2) 2.3 13.0 22.6

PAG waste rock (million metric tons) 86 580 4,700

NAG waste rock (million metric tons) 320 2,200 11,000
TSF 1a

Capacity, dry weight (billion metric tons) 0.25 1.97 1.97

Surface area, exterior (km?2) 6.8 16.1 16.1

Maximum dam height (m) 92 209 209
TSF 2a

Capacity, dry weight (billion metric tons) NA NA 3.69

Surface area, exterior (km?2) NA NA 22.7
TSF 3a

Capacity, dry weight (billion metric tons) NA NA 0.96

Surface area, exterior (km?2) NA NA 9.82
Total TSF surface area, exterior (km?2) 6.8 16.1 48.6
Notes:
a  Final value, when TSF is full.
PAG = potentially acid-generating; NAG = non-acid-generating; TSF = tailings storage facility; NA = not applicable.
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Figure ES-4. Major mine components for the three scenarios evaluated in the assessment. Pebble
0.25 represents 0.25 billion tons of ore; Pebble 2.0 represents 2.0 billion tons of ore; Pebble 6.5
represents 6.5 billion tons of ore. Each mine footprint includes the mine components shown here, as
well as the drawdown zone and the area covered by plant and ancillary facilities. Light blue areas
indicate streams and rivers from the National Hydrography Dataset (USGS 2012) and lakes and
ponds from the National Wetlands Inventory (USFWS 2012); dark blue areas indicate wetlands from
the National Wetlands Inventory (USFWS 2012).
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Figure ES-5. The transportation corridor area, comprising 32 subwatersheds in the Kvichak River watershed that drain to lliamna Lake.
Subwatersheds are defined by 12-digit hydrologic unit codes according to the National Hydrography Dataset (USGS 2012).
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Risks to Salmon and Other Fishes

Based on the mine scenarios, the assessment defines mining-related stressors that would affect the

Bristol Bay watershed’s fish and consequently affect wildlife and human welfare. The scenarios include

both routine operations (Tables ES-2 and ES-3) and several potential failure scenarios (Table ES-4).

Mine Footprint

Effects on fish resulting from habitat loss and modification would occur directly in the area of mine

activity and indirectly downstream because of habitat destruction. These habitat loss estimates are

believed to be low due to incomplete delineation of streams, wetlands, and salmon distribution across

the region. However, it is possible that careful siting of mine facilities could reduce habitat losses to

some degree.

Due to the mine footprint (the area covered by the mine pit, waste rock piles, TSFs, groundwater
drawdown zone, and plant and ancillary facilities), 38, 89, and 151 km (24, 55, and 94 miles) of
streams would be lost—that is, eliminated, blocked, or dewatered—in the Pebble 0.25, 2.0, and 6.5
scenarios, respectively (Table ES-2). This translates to losses of 8, 22, and 36 km (5, 14, and 22
miles) of streams known to provide spawning or rearing habitats for coho salmon, sockeye salmon,
Chinook salmon, and Dolly Varden (Table ES-2, Figure ES-6).

Altered streamflow due to retention and discharge of water used in mine operations, ore processing
and transport, and other mine activities would reduce the amount and quality of fish habitat.
Streamflow alterations exceeding 20% would adversely affect habitat in an additional 15, 27, and
53 km (9.3, 17, and 33 miles) of streams in the Pebble 0.25, 2.0, and 6.5 scenarios, respectively
(Table ES-2), reducing production of sockeye salmon, coho salmon, Chinook salmon, rainbow trout,
and Dolly Varden. Reduced streamflows would also result in the loss or alteration of an
unquantifiable area of riparian floodplain wetland habitat due to loss of hydrologic connectivity

with streams.

Off-channel habitats for salmon and other fishes would be reduced due to losses of 4.5, 12, and 18
km2 (1,200, 3,000 and 4,900 acres) of wetlands and 0.41, 0.93, and 1.8 km2 (100, 230, and 450
acres) of ponds and lakes to the mine footprints in the Pebble 0.25, 2.0, and 6.5 scenarios,
respectively (Figure ES-6). These losses would reduce availability of and access to hydraulically and
thermally diverse habitats that provide enhanced foraging opportunities and important rearing

habitats for juvenile salmon.

Indirect effects of stream and wetland losses would include reductions in the quality of
downstream habitat for coho salmon, sockeye salmon, Chinook salmon, rainbow trout, and Dolly
Varden. Although these indirect effects cannot be quantified, such effects would be expected to
diminish fish production downstream of the mine site because fish depend on these habitats.

Indirect effects would be caused by the following alterations.
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o Reduced food resources would result from the loss of organic material and drifting

invertebrates from streams and streamside wetlands lost to the mine footprint.

o The balance of surface water and groundwater inputs to downstream reaches would shift,
potentially reducing winter fish habitat and making streams less suitable for spawning and

rearing.

o Seasonal temperatures could be altered by water treatment and reduced groundwater

flowpaths, making streams less suitable for salmonids.

Water Quality

Leakage during Routine Operations

Water from the mine site would enter streams through wastewater treatment plant discharges and in
uncollected runoff and leakage of leachates from the waste rock piles and TSFs. Wastewater treatment is
assumed to meet all state standards and national criteria, or equivalent benchmarks for chemicals that
have no criteria. However, water quality would be diminished by uncollected leakage of tailings and
waste rock leachates from the containment system, which would occur during routine operations. Test
leachates from the tailings and non-acid-generating waste rocks are mildly toxic. They would require an
approximately two-fold dilution to achieve water quality criteria for copper, but are not estimated to be
toxic to salmonids. Waste rocks associated with the ore body are acid-forming with high copper
concentrations in test leachates, and would require 2,900- to 52,000-fold dilution to achieve water
quality criteria. Several metals could be sufficiently elevated to contribute to toxicity, but copper is the

dominant toxicant.

Uncollected leachates from waste rock piles and TSFs would elevate instream copper levels and cause
direct effects on salmonids ranging from aversion and avoidance of the contaminated habitat to rapidly
induced death of many or all fish (Table ES-2). Avoidance of streams by salmonids would occur in 24
and 34 to 57 km (15 and 21 to 35 miles) of streams in the Pebble 2.0 and Pebble 6.5 scenarios,
respectively. Rapidly induced death of many or all fish would occur in 12 km (7.4 miles) of streams in
the Pebble 6.5 scenario. Copper would cause death or reduced reproduction of aquatic invertebrates in
21,40 to 62, and 60 to 82 km (13, 25 to 38, and 37 to 51 miles) of streams in the Pebble 0.25, 2.0, and
6.5 scenarios, respectively. These invertebrates are the primary food source for juvenile salmon and all
life stages of other salmonids, so reduced invertebrate productivity would be expected to reduce fish
productivity. These results are sensitive to the assumed efficiency of the leachate capture system, and a
more efficient system could be devised. However, greater than 99% capture efficiency would be
required to prevent exceedance of the copper criteria for the South Fork Koktuli River in the Pebble 6.5
scenario, which would require technologies beyond those specified in our scenarios or identified in the

most recent preliminary mine plan.
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Wastewater Treatment Plant Failure

Based on a review of historical and currently operating mines, some failure of water collection and
treatment systems would be expected to occur during operation or post-closure periods. A variety of
water collection and treatment failures are possible, ranging from operational failures that result in
short-term releases of untreated or partially treated leachates to long-term failures to operate water
collection and treatment systems in perpetuity. A reasonable but severe failure scenario would involve a
complete loss of water treatment and release of average untreated wastewater flows into average
dilution flows. In that failure scenario, copper concentrations would be sufficient to cause direct effects
on salmonids in 27, 64 to 87, and 74 to 97 km (17, 40 to 54, and 46 to 60 miles) of streams in the Pebble
0.25, 2.0, and 6.5 scenarios, respectively. Aquatic invertebrates would be killed or their reproduction
reduced in 78 to 100 km (48 to 62 miles) of streams in all three scenarios. In the Pebble 2.0 and 6.5
scenarios, a fish kill would occur rapidly in 3.8 and 31 km (2.4 and 19 miles) of streams, respectively,

following treatment failure.

Spillway Release

In the event of TSF overfilling, supernatant water would be released via a spillway. If the water was
equivalent to the test tailings supernatant, 2.6 km (1.6 miles) of streams would be avoided by fish and

3.4 to 23 km (2.1 to 14 miles) of streams would be toxic to invertebrates, independent of other sources.

Transportation Corridor

Construction and Routine Operation

In the Kvichak River watershed, the transportation corridor would cross approximately 64 streams and
rivers. Of those, 55 are known or likely to support migrating and resident salmonids, including 20
streams designated as anadromous waters at the location of the crossing (Figure ES-7). The corridor
would run near Iliamna Lake and cross multiple tributary streams near their confluences with the lake.
These habitats are important spawning areas for sockeye salmon, putting sockeye particularly at risk
from the road. Diminished habitat quality in streams and wetlands below road crossings would result
primarily from altered streamflow, runoff of road salts, and siltation of habitat for salmon spawning and
rearing and invertebrate prey production (Tables ES-2 and ES-3).

Culvert Failure

Culverts commonly fail to allow free passage of fish. They can become blocked by debris or ice that may
not stop water flow but that create a barrier to fish movement. Fish passage also may be blocked or
inhibited by erosion below a culvert that “perches” the culvert and creates a waterfall, by shallow water
caused by a wide culvert and periodic low streamflows, or by excessively high gradients. If blockages
occurred during adult salmon immigration or juvenile salmon emigration and were not cleared for
several days, production of a year-class (i.e., fish spawned in the same year) would be lost from or
diminished in the stream above the culvert.
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Culverts can also fail to convey water due to landslides or, more commonly, floods that wash out
undersized or improperly installed culverts. In such failures, the stream would be temporarily
impassible to fish until the culvert is repaired or until erosion re-establishes the channel. If the failure
occurs during a critical period in salmon migration, effects would be the same as with a debris blockage

(i.e., alost or diminished year-class).

Culvert failures also would result in the downstream transport and deposition of silt, which could cause
returning salmon to avoid a stream if they arrived during or immediately following the failure.
Deposition of silt would smother salmon eggs and alevins if they were present, and would degrade

downstream habitat for salmonids and the invertebrates that they eat.

Blockages of culverts could persist for as long as the intervals between culvert inspections. We assume
that the transportation corridor would be inspected daily and maintained during mine operation. The
level of surveillance along the corridor can be expected to affect the frequency of culvert failure
detection. Driving inspections would likely identify a single erosional failure of a culvert that damaged
the road, or a debris blockage sufficient to cause water to pool above the road. However, long-term fixes
may not be possible until conditions are suitable for culvert replacement, and these fixes may not fully
address fish passage, which may be reduced or blocked for longer periods. Extended blockage of
migration would be less likely if daily road inspections included stops to inspect each end of each

culvert.

After mine operations cease, the road would likely be maintained less carefully by the operator or may
be transferred to a government entity that would be expected to employ a more conventional inspection
and maintenance schedule. In either case, the proportion of impassable culverts at any one time would
be expected to revert to levels found in published surveys of public roads (mean of 48% [range of 30 to
61%] of culverts that had failed and not been repaired when surveyed). Of the approximately 45
culverts that would be required, 36 would be on streams that are believed to support salmonids. Hence,
11 to 22 streams would be expected to have impeded passage of salmon, rainbow trout, or Dolly Varden
for an indefinite period of time, and some proportion of those streams would have degraded

downstream habitat resulting from sedimentation following washout of the road.

Truck Accidents

Trucks would carry ore processing chemicals to the mine site and molybdenum product concentrate to
the port. Truck accident records indicate that truck accidents near streams are likely over the long
period of mine operation. These accidents could release sodium ethyl xanthate, cyanide, other process
chemicals, or molybdenum product concentrate to streams or wetlands, resulting in toxic effects on
invertebrates and fish. However, the risk of spills could be mitigated by using impact-resistant

containers.

Tailings Dam Failure

Tailings are the waste materials produced during ore processing. In our scenarios, these wastes would

be stored in TSFs consisting of tailings dams and impoundments. The probability of a tailings dam
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failure increases with the number of dams. The Pebble 0.25 scenario would include one TSF with a
single dam, the Pebble 2.0 scenario would include one TSF with three dams, and the Pebble 6.5 scenario
would include three TSFs with a total of eight dams. Because their removal is not feasible, the TSFs and
their component dams would be in place for hundreds to thousands of years, long beyond the life of the
mine. Available reports from the Pebble Limited Partnership suggest a tailings dam as high as 209 m
(685 feet) at TSF 1 (Figure ES-8). We evaluated two potential dam failures at TSF 1 in this assessment:
one at a volume approximating the complete Pebble 0.25 scenario (92-m dam height) and one at a
volume approximating the complete Pebble 2.0 scenario (209-m dam height). In both cases we assumed
20% of the tailings would be released, a conservative estimate that is well within the range of historical
tailings dam failures. Failures of the TSF 2 and TSF 3 tailings dams were not analyzed but would be
expected to be similar in terms of types of effects.

Table ES-2. Summary of estimated stream lengths potentially affected in the three mine size

scenarios, assuming routine operations.

Stream Length Affected (km)

Effect Pebble 0.25 Pebble 2.0 Pebble 6.5
Eliminated, blocked, or dewatered 38 89 151
Eliminated, blocked, or dewatered—anadromous 8 22 36
>20% streamflow alterationa 15 27 53
Direct toxicity to fisha 0 24 34-57
Direct toxicity to invertebrates? 21 40-62 60-82
Downstream of transportation corridor 272
Notes:
a Stream reaches with streamflow alterations partially overlap those with toxicity.

Table ES-3. Summary of estimated wetland, pond, and lake area potentially affected in the three

mine size scenarios, assuming routine operations.

Wetland, Pond, and Lake Area Affected (km2)
Effect Pebble 0.25 Pebble 2.0 Pebble 6.5
Lost to the mine footprint 4.9 13 20
Lost to reduced streamflow below mine footprint Unquantified
Filled by roadbed 0.11
Influenced by the road (within 200 m) 4.7
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Table ES-4. Probabilities and consequences of potential failures in the mine scenarios.

Failure Type

Probabilitya

Consequences

Tailings dam

4 x 104 to 4 x 106 per dam-year =
recurrence frequency of 2,500 to
250,000 yearsb

More than 29 km of salmonid stream would be
destroyed or degraded for decades.

Product concentrate pipeline

103 per km-year = 95% chance
per pipeline in 25 years

Most failures would occur between stream or
wetland crossings and might have little effect on fish.

Concentrate spill into a stream

1.5 x 102 per year = 1 stream-
contaminating spill in 78 years

Fish and invertebrates would experience acute
exposure to toxic water and chronic exposure to toxic
sediment in a stream and potentially extending to
lliamna Lake.

Concentrate spill into a wetland

2.6 x 102 per year = 2 wetland-
contaminating spills in 78 years

Invertebrates and potentially fish would experience
acute exposure to toxic water and chronic exposure
to toxic sediment in a pond or other wetland.

Return water pipeline spill

Same as product concentrate
pipeline

Fish and invertebrates would experience acute
exposure to toxic water if return water spilled to a
stream or wetland.

Diesel pipeline spill

Same as product concentrate
pipeline

Acute toxicity would reduce the abundance and
diversity of invertebrates and possibly cause a fish
kill if diesel spilled to a stream or wetland.

Culvert, operation

Low

Frequent inspections and regular maintenance would
result in few impassable culverts, but for those few,
blockage of migration could persist for a migration
period, particularly for juvenile fish.

Culvert, post-operation

3x101to ~6 x 101 per culvert;
instantaneous = 11 to 22 culverts

In surveys of road culverts, 30 to 61% are
impassable to fish at any one time. This would result
in 11 to 22 salmonid streams blocked at any one
time. In 10 to 19 of the 32 culverted streams with
restricted upstream habitat, salmon spawning may
fail or be reduced and the streams would likely not
be able to support long-term populations of resident
species.

Truck accidents

1.9 x 107 spills per mile of travel =
4 accidents in 25 years and
2 near-stream spills in 78 years

Accidents that spill processing chemicals into a
stream or wetland could cause a fish kill. A spill of
molybdenum concentrate may also be toxic.

Water collection and treatment,
operation

0.93 = proportion of recent U.S.
porphyry copper mines with
reportable water collection and
treatment failures

Water collection and treatment failures could result
in exceedance of standards potentially including
death of fish and invertebrates. However, these
failures would not necessarily be as severe or
extensive as estimated in the failure scenario, which
would result in toxic effects from copper in more than
60 km of stream habitat.

Tailings storage facility spillway
release

No data, but spills are known to
occur and are sufficiently frequent
to justify routine spillway
construction

Spilled supernatant from the tailings storage facility
could result in toxicity to invertebrates and fish
avoidance for the duration of the event.

Water collection and treatment,
managed post-closure

Somewhat higher than operation

Post-closure collection and treatment failures are
very likely to result in release of untreated or
incompletely treated leachates for days to months,
but the water would be less toxic due to elimination
of potentially acid-generating waste rock.

Water collection and treatment,
after site abandonment

Certain, by definition

When water is no longer managed, untreated
leachates would flow to the streams. However, the
water may be less toxic.

frequency of 2,000 years).

a  Because of differences in derivation, the probabilities are not directly comparable.
b Based on expected state safety requirements. Observed failure rates for earthen dams are higher (about 5 x 104 per year or a recurrence
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Figure ES-6. Streams and wetlands lost (eliminated, blocked, or dewatered) in the Pebble 6.5
scenario. Light blue areas indicate streams and rivers from the National Hydrography Dataset (USGS
2012) and lakes and ponds from the National Wetlands Inventory (USFWS 2012); dark blue areas
indicate wetlands from the National Wetlands Inventory (USFWS 2012).

> P 7

v ,“tu\\.leer

Pty

s \,3\“@9.";:.# e
LS

= ,7 Pebble 6.5 Components
N fl.w,—aﬁw P ;JJ (
A fi NUSHAGAK W Z,fié Drawdown Zone

] b2

0 1 2 s — Eliminated, Blocked, or Dewatered Streams

W Kilomet > TETY
fomelers Q{i? /T g Eliminated, Blocked, or Dewatered
0 1 2 b Lakes and Ponds
e —] S L j KVICHAK=>. ¢
»w ‘k.\;»—mf\qiblﬁ Eliminated, Blocked, or Dewatered Wetlands

Bristol Bay Assessment ES-20 January 2014



Figure ES-7. Reported salmon, Dolly Varden, and rainbow trout distribution along the transportation corridor. Salmon presence data are
from the Anadromous Waters Catalog (Johnson and Blanche 2012); Dolly Varden and rainbow trout presence data are from the Alaska

Freshwater Fish Inventory (ADF&G 2012). Note that rainbow trout have also been documented in the lliamna River and Chinkelyes Creek,
although these points are not indicated on this map.
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Figure ES-8. Height of the dam at tailings storage facility (TSF) 1 in the Pebble 2.0 and Pebble 6.5

scenarios, relative to U.S. landmarks.
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Tailings Dam

The range of estimated dam failure probabilities is wide, reflecting the great uncertainty concerning
such failures. The most straightforward method of estimating the annual probability of a tailings dam
failure is to use the historical failure rate of similar dams. Three reviews of tailings dam failures
produced an average rate of approximately 1 failure per 2,000 dam-years, or 5 x 10-* failures per dam-
year. Strictly speaking, these frequencies are properties that apply to a group of dams. However, by
extension, if there is one dam and it is typical of the population, it would be expected to fail, on average,
within a 2,000-year period. This does not mean it is expected to fail 2,000 years after it is built. Rather, it
indicates that, after 2,000 years have passed, it is more likely than not that the dam would have failed
and that expected failure could occur any year in that 2,000-year window with an average annual
probability of 0.0005.

The argument against this method is that the record of past failures does not fully reflect current
engineering practice. Some studies suggest that improved design, construction, and monitoring
practices can reduce the failure rate by an order of magnitude or more, resulting in an estimated failure
probability within the range assumed here (Table ES-4). The State of Alaska’s guidelines suggest that an
applicant follow accepted industry design practices such as those provided by the U.S. Army Corps of
Engineers (USACE), the Federal Energy Regulatory Commission (FERC), and other agencies. Based on
safety factors in USACE and FERC guidance, we estimate that the probability of failure for all causes
requires a minimum factor of safety of 1.5 against slope instability for the loading condition

corresponding to steady seepage from the filled storage facility. An assessment of the correlation of dam
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failure probabilities with slope instability safety factors suggests an annual probability of failure of 1 in
250,000 per year for facilities designed, built, and operated with state-of-the-practice engineering
(Category I facilities) and 1 in 2,500 per year for facilities designed, built, and operated using standard
engineering practice (Category Il facilities). The advantage of this approach is that it addresses current
regulatory guidelines and engineering practices. The disadvantage is that we do not know whether
standard practice or state-of-the practice dams will perform as expected, particularly given the potential

dam heights and subarctic conditions in these scenarios.

Failure of the dam at TSF 1 (the TSF included in all three mine scenarios) would result in the release of a
flood of tailings slurry into the North Fork Koktuli River. This flood would scour the valley and deposit
many meters of tailings fines in a sediment wedge across the entire valley near the TSF dam, with lesser
quantities of fines deposited as far as the North Fork’s confluence with the South Fork Koktuli River. The
North Fork Koktuli River currently supports spawning and rearing populations of sockeye, coho, and
Chinook salmon; spawning populations of chum salmon; and rearing populations of Dolly Varden and
rainbow trout. The tailings slurry flood would continue down the mainstem Koktuli River with similar

effects, the extent of which cannot be estimated at this time due to model and data limitations.

The tailings dam failures evaluated in the assessment would be expected to have the following severe

direct and indirect effects on aquatic resources, particularly salmonids.

e Itis expected that the North Fork Koktuli River below the TSF 1 dam and much of the mainstem
Koktuli River would not support salmonids in the short term (less than 10 years).

o In the tailings dam failure scenarios, spilled tailings would bury salmon habitat under meters of
fines along nearly the entire length of the North Fork Koktuli River valley downstream of the
dam (over 29 km or 18 miles in the Pebble 0.25 dam failure scenario), and beyond (in the Pebble

2.0 dam failure scenario).

o Deposited tailings would degrade habitat quality for both fish and the invertebrates they eat.
Based largely on their copper content, deposited tailings would be toxic to benthic

macroinvertebrates, but existing data concerning toxicity to fish are less clear.

o Deposited tailings would continue to erode from the North Fork Koktuli River and mainstem

Koktuli River valleys.

o Suspension and redeposition of tailings would be expected to cause serious habitat degradation
in the mainstem Koktuli River and downstream into the Mulchatna River; however, the extent of

these effects cannot be estimated at this time due to model and data limitations.

e The affected streams would provide low-quality spawning and rearing habitat for a period of
decades.

o Recovery of suitable substrates via mobilization and transport of tailings would take years to

decades, and would affect much of the watershed downstream of the failed dam.
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o Ultimately, spring floods and stormflows would carry some of the tailings into the Nushagak

River.

o For some years, periods of high flow would be expected to suspend sufficient concentrations of

tailings to cause avoidance, reduced growth and fecundity, and even death of fish.

e Near-complete loss of North Fork Koktuli River fish populations downstream of the TSF and
additional fish population losses in the mainstem Koktuli, Nushagak, and Mulchatna Rivers would
be expected to result from these habitat losses.

o The Koktuli River watershed is an important producer of Chinook salmon. The Nushagak River
watershed, of which the Koktuli River watershed is a part, is the largest producer of Chinook

salmon in the Bristol Bay region, with annual runs averaging over 190,000 fish.

o Atailings spill could eliminate 29% or more of the Chinook salmon run in the Nushagak River
due to loss of the Koktuli River watershed population. An additional 10 to 20% could be lost due

to tailings deposited in the Mulchatna River and its tributaries.

o Sockeye are the most abundant salmon returning to the Nushagak River watershed, with annual
runs averaging more than 1.9 million fish. The proportion of sockeye and other salmon species

of Koktuli-Mulchatna origin is unknown.

o Similarly, the North Fork Koktuli River populations of rainbow trout and Dolly Varden would be
lost for years to decades if they could not successfully be maintained entirely in headwater
networks upstream of the affected zone. Quantitative estimates of these losses are not possible

given available information.

Effects would be qualitatively similar for both the Pebble 0.25 and Pebble 2.0 dam failures, although
effects from the Pebble 2.0 dam failure would extend farther and last longer. Failure of dams at the two
additional TSFs in the Pebble 6.5 scenario (TSF 2 and TSF 3) were not modeled, but would have similar

types of effects in the South Fork Koktuli River and downstream rivers.

Pipeline Failure

In the mine scenarios, the primary mine product would be a sand-like copper concentrate with traces of
other metals, which would be pumped via pipeline to a port on Cook Inlet. Water that carried the
concentrate would be returned to the mine site in a second pipeline. Based on the general record of
pipelines and further supported by the record of metal concentrate pipelines at existing mines, one
near-stream failure and two near-wetland failures of each of these pipelines would be expected to occur

over the life of the Pebble 6.5 scenario (approximately 78 years).

Failure of either the product or the return water pipeline would release water that is expected to be
highly toxic due to dissolved copper and possibly processing chemicals. Invertebrates and potentially
early fish life stages would be killed in the affected stream over a relatively brief period. If concentrate
spilled into a stream, it would settle and form highly toxic bed sediment based on its high copper content

and acid generation. The mean velocities of many streams crossed by the pipelines are sufficient to carry
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the concentrate downstream to lliamna Lake, but some would collect in low-velocity areas of the
receiving stream. If the spill occurred during low streamflows, dredging could recover some concentrate
but would cause physical damage to the stream. Concentrations in Illiamna Lake could not be predicted,
but near the pipeline route Iliamna Lake contains important sockeye salmon beach spawning areas that
would be exposed to a spill. Sockeye also spawn in the lower reaches of streams that could be directly

contaminated by a spill.

Based on petroleum pipeline failure rates, the diesel fuel pipeline also would be expected to spill near a
stream over the life of the Pebble 6.5 mine. Evidence from modeling the dissolved and dispersed oil
concentrations in streams, laboratory tests of diesel toxicity, and studies of actual spills in streams
indicates that a diesel spill at a stream crossing would be expected to immediately Kill invertebrates and
likely fish as well. Remediation would be difficult but recovery would be expected to occur within 3
years. Failure of the natural gas pipeline would also be expected, but significant effects on fish would not

be expected.

Spills into wetlands that support fish would be expected to have greater toxic effects because
contaminants would be washed out slowly, if at all. However, retention of contaminants within the

wetland would make remediation by removal more practical.

Common Mode Failures

Multiple, simultaneous failures could occur due to a common event, such as a severe storm with heavy
precipitation (particularly precipitation that fell on spring snow cover) or a major earthquake. Over the
long period that tailings impoundments, a mine pit, and waste rock piles would be in place, the
likelihood of multiple extreme precipitation events, earthquakes, or combinations of these events
becomes much greater. Multiple events further increase the chances that facilities remaining in place

will weaken and eventually fail.

Such an event could cause multiple tailings dam failures that would spill tailings slurry into both the
South and North Fork Koktuli Rivers; road culvert washouts that would send sediments downstream
and potentially block fish passage; and pipeline failures that would release product slurry, return water,
or diesel fuel. The effects of each of these accidents individually would be the same as discussed
previously, but their co-occurrence would cause cumulative effects on salmonid populations and make

any remedial responses more difficult.

Fish-Mediated Risks to Wildlife

Although the effects of salmonid reductions on wildlife—that is, fish-mediated risks to wildlife—cannot
be quantified given available data, some reduction in wildlife would be expected in the mine scenarios.
Changes in the occurrence and abundance of salmon have the potential to change animal behavior and
reduce wildlife population abundances. The mine footprints would be expected to have local effects on

brown bears, wolves, bald eagles, and other wildlife that consume salmon, due to reduced salmon
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abundance from habitat loss and degradation in or immediately downstream of the mine footprint. Any
of the accidents or failures evaluated would increase effects on salmon, which would further reduce the

abundance of their predators.

The abundance and production of wildlife also is enhanced by the marine-derived nutrients that salmon
carry upstream on their spawning migration. These nutrients are released into streams when the
salmon die, enhancing the production of other aquatic species that feed wildlife. Salmon predators
deposit these nutrients on the landscape, thereby fertilizing terrestrial vegetation that, in turn, provides
food for moose, caribou, and other wildlife. The loss of these nutrients due to a reduction in salmon

would be expected to reduce the production of riparian and upland species.

Fish-Mediated Risks to Alaska Native Cultures

Under routine operations with no major accidents or failures, the predicted loss and degradation of
salmonid habitat in the South and North Fork Koktuli Rivers and Upper Talarik Creek would be expected
to have some impact on Alaska Native cultures of the Nushagak and Kvichak River watersheds. Fishing
and hunting practices would be expected to change in direct response to the stream, wetland, and
terrestrial habitats lost to the mine footprints and the transportation corridor. It is also possible that
subsistence use of salmon resources would decline based on perceptions of reduced fish or water

quality resulting from mining.

The potential for significant effects on Alaska Native cultures is much greater from mine failures that
reduced or eliminated fish populations in affected areas, including areas significant distances
downstream from the mine. In the case of the tailings dam failures described in the assessment, the
significant loss of Chinook salmon populations would have severe consequences, especially for villages

in the Nushagak River watershed.

Any loss of fish production from these failures would reduce the availability of these subsistence
resources to local Alaska Native villages, and the reduction of this highly nutritious food supply could
have negative consequences on human health. Because salmon-based subsistence is integral to Alaska
Native cultures, the effects of salmon losses go beyond the loss of food resources. If salmon quality or
quantity was (or was perceived to be) adversely affected, the nutritional, social, and spiritual health of

Alaska Natives would decline.

Cumulative Risks of Multiple Mines

This assessment has focused on the effects that a single large mine at the Pebble deposit would have on
salmon and other resources in the Nushagak and Kvichak River watersheds, including the cumulative
effects of multiple stressors associated with that mine. However, multiple mines and their associated
infrastructure may be developed in these watersheds. Each mine would pose risks similar to those
identified in the mine scenarios. Estimates of the stream and wetland habitats lost would differ across

different deposits, based on the size and location of mine operations within the watersheds. Individually,
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each mine footprint would eliminate some amount of fish-supporting habitat and, should operator or

engineering failures occur, affect fish habitats well beyond the mine footprint.

We considered development of mines at the Pebble South/PEB, Big Chunk South, Big Chunk North,
Groundhog, AUDN/Iliamna, and Humble claims in the Nushagak and Kvichak River watersheds. These
sites were chosen because all contain copper deposits that have generated exploratory interest. If all six
mine sites were developed, the cumulative area covered by these six mine footprints could be 37 to 57
km?Z (9,100 to 14,000 acres). Stream habitats eliminated or blocked could be 43 to 70 km (27 to 43
miles). Cumulative wetland losses could be 7.9 to 27 km2 (2,000 to 6,700 acres).

These are conservative estimates of habitat loss, because we did not estimate the hydrologic drawdown
zones around each mine pit as was done for the Pebble scenarios. Inclusion of the drawdown area in the
Pebble 0.25 scenario increased the area of stream and wetlands losses by roughly 50%. A similar
increase might be expected at the other mine sites, depending on local geology. These mines also would
be expected to modify streamflows and diminish water quality to approximately the same extent as the
Pebble 0.25 scenario. Waters on these claim blocks include the Chulitna River and Rock, Jensen, Yellow,
Napotoli, Klutuk, and Kenakuchuk Creeks, as well as over 250 unnamed tributaries and over 50
unnamed lakes and ponds. Although not all support salmon, many do. Loss of substantial habitat across
the watersheds could contribute to diminishing the genetic diversity of salmon stocks and thereby

increasing annual variability in salmon returns.

Mitigation and Remediation

The mine scenarios assessed here include modern conventional mitigation practices as reflected in
Northern Dynasty Mineral’s published plan for the Pebble deposit, plus practices suggested in the
mining literature and consultations with experts. These practices include, but are not limited to,
processing all potentially acid-generating waste rock before closure, managing effluent water
temperatures, inspecting and maintaining roads daily, and providing automatic monitoring and remote
shut-off for the pipelines. However, we recognize that risks could be further reduced by unconventional
or even novel mitigation measures, such as dry stack tailings disposal or the use of armored containers
on the trucks carrying process chemicals to the site. These practices may be unconventional because
they are expensive, unproven, or impractical. However, these obstacles to implementation might be
overcome and justified by the large mineral resource and the highly valued natural and cultural

resources of the Bristol Bay watershed.

Although remediation would be considered if spills contaminated streams, features of the Pebble
deposit area would make remediation difficult. Spilled tailings from a dam failure would flow into
streams, rivers, and floodplains that are in roadless areas and that are not large enough to float a barge-
mounted dredge. Recovery, transport, and disposal of hundreds of millions of metric tons of tailings
under those conditions would be extremely difficult and would result in additional environmental
damage. Compensatory mitigation measures could offset some of the stream and wetland losses,

although there are substantial challenges regarding the efficacy of these measures to offset adverse
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impacts. Pipeline crossings of streams would be near Iliamna Lake, so the time available to block or
collect spilled material before it reached the lake would be short. Spilled return water and the aqueous
phase of the product concentrate slurry would be unrecoverable. The product concentrate itself would
resemble fine sand, and mean velocities in many receiving streams would be sufficient to suspend and
transport it. Hence, concentrate spilled or washed into streams could be recovered only where it
collected in low-velocity locations. Diesel spills would dissolve, vaporize, and flow as a slick to Iliamna

Lake. Booms and absorbents are not very effective in moderate- to high-velocity streams.

Summary of Uncertainties in Mine Design and Operation

This assessment considers realistic mine scenarios that are based on specific characteristics of the
Pebble deposit and preliminary plans proposed by Northern Dynasty Minerals. These scenarios are
generally applicable to copper deposits in the Bristol Bay watershed. If the Pebble deposit is mined,
actual events will undoubtedly deviate from these scenarios. This is not a source of uncertainty, but
rather an inherent aspect of a predictive assessment. Even an environmental assessment of a specific
plan proposed for permitting by a mining company would be an assessment of a scenario that

undoubtedly would differ from actual mine development.

Multiple uncertainties are inherent in planning, designing, constructing, operating, and closing a mine.
These uncertainties, summarized below, are inherent in any complex enterprise, particularly when that
enterprise involves an incompletely characterized natural system. However, the large spatial scales and

long durations required to mine the Pebble deposit make these inherent uncertainties more prominent.

e Mines are complex systems requiring skilled engineering, design, and operation. The uncertainties
facing mining and geotechnical engineers include unknown geological features, uncertain values of
geological properties, limited knowledge of mechanisms and processes, and human error in design
and construction. Models used to predict the behavior of engineered systems represent idealized
processes and by necessity contain simplifications and approximations that potentially introduce

errors.

e Accidents are unplanned and inherently unpredictable. Although systems can be put into place to
protect against system failures, seemingly logical decisions about how to respond to a given
situation can have unexpected consequences due to human error (e.g., the January 2012 overflow of
the tailings dam at the Nixon Fork Mine near McGrath, Alaska). Further, unforeseen events or events
that are more extreme than anticipated can negate apparently reasonable operation and mitigation
plans. Climate change will likely exacerbate this uncertainty. In the Bristol Bay region, climate
change is expected to lead to changes in snowpack and the timing of snowmelt, an increased chance
of rain-on-snow precipitation, and increased flooding. All of these changes are likely to affect
multiple aspects of any large-scale mining in the area, including mine infrastructure, the
transportation corridor, water treatment and discharge, and post-closure management, in unknown

and potentially unpredictable ways.
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The ore deposit would be mined for decades and wastes would require management for centuries or
even in perpetuity. Engineered mine waste storage systems have been in existence for only about 50
years, and their long-term behavior is not known. The response of current technology in tailings
dam construction is untested and unknown in the face of centuries of unpredictable events such as

extreme weather and earthquakes.

Over the long time span (centuries) of mining and post-mining care, generations of mine operators
must exercise due diligence. Priorities could change in the face of financial circumstances, changing
markets for metals, new information about the resource, political priorities, or any number of

currently unforeseeable changes in circumstance.

Summary of Uncertainties and Limitations in the Assessment

The most important uncertainties concerning estimated effects of the mine scenarios, as judged by the

assessment authors, are identified below.

Consequences of habitat loss and degradation for fish populations could not be quantified because of
the lack of quantitative information concerning salmonid populations in freshwater habitats. The
occurrence of salmonid species in rivers and major streams is known, but detailed and
comprehensive information on abundances, productivities, and limiting factors in each of the
watersheds is not available. Estimating fish population changes would require population modeling,
which requires knowledge of life-stage-specific survival and production and limiting factors and
processes. Further, it requires knowledge of how temperature, habitat structure, prey availability,
density dependence, and sublethal toxicity influence life-stage-specific survival and production.
Obtaining this information would require more detailed monitoring and experimentation. Salmon
populations naturally vary in size due to many factors that vary among locations and years. At
present, data are insufficient to establish reliable salmon population estimates, and obtaining such
data would take many years. Estimated effects of mining on fish habitat thus become the best

available surrogate for estimated effects on fish populations.

Standard leaching test data are available for test tailings and waste rocks from the Pebble deposit,
but these results are uncertain predictors of the actual composition of leachates from waste rock

piles, tailings impoundments, or tailings deposited in streams and on their floodplains.

Leachate capture efficiencies are uncertain. We assume 50% capture for waste rock leachates
outside of the mine pit drawdown zone. In the Pebble 2.0 scenario, for example, this would result in
capture of 84% of the leachate by the pit drawdown zone and the wells combined. To avoid

exceeding water quality criteria for copper, more than 99% capture would be required.

The quantitative effects of tailings and product concentrate deposited in spawning and rearing
habitat are uncertain. It is clear that they would have harmful physical and toxicological effects on
salmonid larvae or sheltering juveniles, but the concentration in spawning gravels required to

reduce salmonid reproductive success is unknown.
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e The estimated annual probability of tailings dam failure is uncertain because it is based on design
goals. Historical experience is presumed to provide an upper bound of failure probability. Features
that should reduce failure frequencies have not been tested for the thousands of years that they
must function properly. Hence, actual failure rates could be higher or lower than the estimated
probability.

e The proportion of tailings that would spill in the event of a dam failure could be larger than the

largest value modeled (20%).

e The long-term fate of spilled tailings in the event of a dam failure could not be quantified. It is
expected that tailings would erode from areas of initial deposition and move downstream over more
than a decade. However, the data needed to model that process and the resources needed to develop
that model are not available.

e The actual response of Alaska Native cultures to any impacts of the mine scenarios is uncertain.
Interviews with village Elders and culture bearers and other evidence suggest that responses would
involve more than the need to compensate for lost food, and would be expected to include some
degree of cultural disruption. It is not possible to predict specific changes in demographics, cultural

practices, or physical and mental health.

e Because we mention but do not evaluate potential direct effects of mining on wildlife or on Alaska
Natives, this assessment represents a conservative estimate of how these endpoints would be

affected by mine development and operation.

Uses of the Assessment

This assessment is a scientific investigation. It does not reflect any conclusions or judgments about the
need for or scope of potential government action, nor does it offer or analyze options for future
decisions. Rather, it is intended to provide a characterization of the biological and mineral resources of
the Bristol Bay watershed, increase understanding of the risks from large-scale mining to the region’s
fish resources, and inform future government decisions. The assessment will also better inform
dialogues among interested stakeholders concerning the resources in the Bristol Bay watershed and the

potential impacts of large-scale mining on those resources.
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CHAPTER 1. INTRODUCTION

The Bristol Bay watershed in southwestern Alaska supports the largest sockeye salmon fishery in the
world, is home to 25 federally recognized tribes, and contains abundant natural resources, including
significant mineral reserves. Worldwide attention to this watershed has increased because of
widespread mineral exploration activities and the discovery of a large ore deposit in the watershed’s
northeast-central region. The potential for large-scale mining activities has raised concerns about the
quality and sustainability of Bristol Bay’s world-class fisheries and the future of Alaska Natives who
have maintained a salmon-based culture and a subsistence-based way of life for at least 4,000 years.

Public interest in the Bristol Bay watershed has centered on the ecological goods and services provided
by the watershed and on potential mining activity. The watershed is most noted for its abundant fish
resources. The Bristol Bay watershed supports production of all five species of Pacific salmon found in
North America (sockeye, Chinook, chum, coho, and pink), including almost half of the world’s
commercial sockeye salmon harvest. In 2009, Bristol Bay’s ecosystems, which support the watershed’s
commercial, recreational, and subsistence fisheries, generated $480 million in direct economic
expenditures in the region, and provided employment for over 14,000 full- and part-time workers
(Appendix E). This consistently large fish production results from the watershed’s high hydrologic
diversity and pristine quality, both of which contribute to highly diverse fish populations.

In addition to these biological resources, 16 mine claim blocks have recently been explored in the Bristol
Bay’s Nushagak and Kvichak River watersheds. Eleven of these claims are associated with porphyry
copper deposits, the largest belonging to the Pebble Limited Partnership (PLP). This partnership was
created in 2007 by co-owners Northern Dynasty Minerals, Ltd. and Anglo American to design, permit,
construct, and operate a long-life mine at the Pebble deposit (PLP 2013) (Anglo American withdrew
from the partnership in late 2013). Although PLP has not yet submitted a permit application for a mine,

preliminary mine plans have been developed and publicly available information strongly suggests that a
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mine at the Pebble deposit has the potential to become one of the largest mining developments in the
world.

The Pebble deposit is a large, low-grade deposit containing copper, gold, and molybdenum-bearing
minerals. Extraction is expected to require the creation of a large open pit, the production of large
amounts of waste rock and mine tailings, the creation of a transportation corridor connecting the
deposit area to Cook Inlet, and the development of a deep-water port. Revenues from such a mine have
been estimated at between $300 billion and $500 billion over the mine’s life (Chambers et al. 2012), and
more than 2,000 and 1,000 jobs could be created during mine construction and operation, respectively
(Ghaffari et al. 2011).

In light of these factors, nine Bristol Bay federally recognized tribes, the Bristol Bay Native Association,
the Bristol Bay Native Corporation, other tribal organizations, and many groups and individuals
petitioned the U.S. Environmental Protection Agency (USEPA) to use its authorities under Clean Water
Act (CWA) Section 404(c) to restrict or prohibit the disposal of dredged or fill material associated with
large-scale mining activities in the Bristol Bay watershed. These groups are concerned that large-scale
mining could adversely affect the region’s valuable natural resources, particularly its fisheries. Four
Bristol Bay federally recognized tribes, other tribal organizations, the governor of Alaska, and other
groups and individuals, including PLP, have asked USEPA to wait until formal mine permit applications

have been submitted and an environmental impact statement has been developed.

USEPA initiated this assessment in response to these competing requests. The assessment’s purpose is
to characterize the biological and mineral resources of the Bristol Bay watershed, increase
understanding of the potential impacts of large-scale mining, in terms of both day-to-day operations and
potential accidents and failures, on the region’s fish resources, and inform future decisions, by
government agencies and others, related to protecting and maintaining the chemical, physical, and
biological integrity of the watershed. The assessment represents a review and synthesis of available
information to identify and evaluate potential risks of future large-scale mining development on the
Bristol Bay watershed’s fish habitats and populations and consequent indirect effects on the region’s
wildlife and Alaska Native cultures.

1.1 Assessment Approach

This assessment was conducted as an ecological risk assessment (ERA). ERA is a scientific process used
to determine whether exposure to one or more stressors may result in adverse ecological effects, the
findings of which are used to inform environmental decision making. USEPA routinely uses ERA
methods to evaluate the potential impacts of current and future actions when considering management
decisions (USEPA 2002a, 2002b, 2002c, 2008, 2011). USEPA is conducting this assessment consistent
with its authority under CWA Section 104. CWA Sections 104(a) and (b) provide USEPA with the
authority to study the resources of the Bristol Bay watershed, evaluate the effect of pollution from large-

scale mining development on those resources, and make such an assessment available to the public. This
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assessment is not an environmental impact assessment, an economic or social cost-benefit analysis, or

an assessment of any one specific mine proposal.

Risk assessors, decision makers, and community stakeholders determine the topical, spatial, and
temporal scope needed to effectively address the decisions the ERA is informing. Within this scope, risk
assessments consider the potential effects of an activity and use one or more scenarios, or sets of
assumptions, to identify how resources of interest (in this case, fish habitat and populations) could be

exposed to stressors generated by some activity (in this case, porphyry copper mining).

Assessment endpoints are explicit expressions of the environmental resources of interest to the risk
assessors, decision makers, and stakeholders. We selected fish, and specifically salmon and other
salmonids, as our primary assessment endpoint because of their critical importance to stakeholders and
future decision making in the watershed. The sustainability of the Bristol Bay fisheries is a concern
shared by all Bristol Bay stakeholders—including those who support mining—and the ecological,
economic, and cultural importance of the region’s commerecial, sport and subsistence fisheries has been
emphasized consistently by all stakeholders throughout the process. Our preliminary technical
consultations with federal, state, and tribal representatives indicated that evaluating the potential risks
of large-scale mining on the region’s fishery resources was a top priority. During our public engagement

efforts, stakeholders consistently emphasized that fish are the crucial resource of concern.

We also considered two key secondary endpoints: wildlife and Alaska Native cultures. Fish-mediated
effects on wildlife were considered because fish, particularly salmon, are an important food resource for
wildlife, via both direct consumption and as a source of marine-derived nutrients that contribute to the
watershed’s overall productivity. Fish-mediated effects on Alaska Natives were considered because
sustainability of the region’s fish populations is critical to the future of Alaska Natives in the Bristol Bay
region, and because concern about the region’s fishery resources prompted the original requests from

Alaska Natives that USEPA examine potential mine development in the Bristol Bay watershed.

Multiple geographic scales are considered in the assessment. Background and characterization
information is presented for the entire Bristol Bay watershed. The evaluation of potential large-scale
mining impacts focuses on the Nushagak and Kvichak River watersheds. These two watersheds are the
most likely to be affected by large-scale mining development, given the location of current mine claims
and current federal and state restrictions on development in other portions of the Bristol Bay
watershed. These two watersheds are responsible for approximately half of the Bristol Bay sockeye
salmon production, and are also home to approximately half of the region’s Alaska Native communities
and federally recognized tribes. There are 31 federally recognized tribes in the larger Bristol Bay region,
and 25 of these tribal communities are within the Bristol Bay watershed boundary defined in this
assessment. Fourteen of these communities (13 of which have federally recognized tribes) are within
the Nushagak and Kvichak River watersheds.

The assessment also considers smaller geographic scales for risk analysis and characterization. Because
the Pebble deposit is the largest known and most explored deposit in the region, we use it as a case

study for potential risks. Because none of the parties holding mine claims in the Bristol Bay watershed
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has submitted a formal application and mine plan, we developed a set of realistic mine scenarios for the
assessment. The foundations for these scenarios are industry documents outlining approaches for
mining porphyry copper deposits, as well as specific documents from the PLP outlining a basic,
preliminary mine plan for the Pebble deposit. The mine scenarios were used to complete the risk
analyses and characterizations in the assessment. Although these mine scenarios were developed for the
Pebble deposit, the potential risks evaluated are expected to be qualitatively similar to potential risks
associated with any mine of the same resource type (porphyry copper) anywhere in the Nushagak and

Kvichak River watersheds.

Risk assessments are inherently uncertain, because they must predict the occurrence and consequences
of future actions. In this assessment, expressions of uncertainty are treated differently for accidents and
failures and for routine operations. Risks of accidents and failures are based on empirical frequencies
(summarized in Table 14-1), but we acknowledge the possibility of lower risks due to advances in
technology or practices. For example, data concerning risks of culvert failure provide frequencies of 0.3
to 0.6 per culvert. However, risks during operation are simply described as low, because our scenario
specifies daily inspections and there are no data quantifying failure rates under such intensive
maintenance programs. Risks that effects would occur due to routine operations are not described
probabilistically, because they are unintended results of planned actions. However, these risks are
uncertain due to lack of knowledge about the receiving environment and its response to mining
activities. Those uncertainties are described based on the professional judgment of the authors using
ordinary language such as “likely” and, when the evidence allows, in terms of possible deviations from
expectations (e.g., thresholds for effects could be at least a factor of 2 lower). The term “likely” is used
commonly as an abbreviation for “more likely than not” (>0.5 probability). The risk of a tailings storage
facility (TSF) spillway release is different in that it is a hybrid between a failure (TSFs should not
overflow during mine operation) and routine operations (spillways are installed to spill excess water,
because overflows are a reasonable expectation). No statistics are available on overflow frequencies, but
they are judged to be likely over the life of a mine and inevitable afterwards, if water treatment is not

continued in perpetuity.

Throughout the assessment, we have reached out to interested parties to ensure transparency of the
assessment process (Box 1-1). Through public comment opportunities and by engaging an
Intergovernmental Technical Team (IGTT) of federal, state, and tribal representatives, we were able to
identify additional information helpful for characterizing the biological and mineral resources of the
watershed. These interactions with community members were also helpful in narrowing the scope of

the assessment to issues that were most important to stakeholders.
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BOX 1-1. STAKEHOLDER INVOLVEMENT IN THE ASSESSMENT

Meaningful engagement with stakeholders was essential to ensure that the U.S. Environmental Protection Agency
(USEPA) heard and understood the full range of perspectives on the assessment and the potential effects of
mining in the region. USEPA involved and informed stakeholders throughout the assessment process. Community
involvement efforts included a project webpage and listserv to ensure that assessment-related information is
shared with the public. Additional ways in which stakeholders and tribal governments were involved in the
assessment process are summarized below.

o Public and stakeholder meetings. Throughout development of the assessment, USEPA visited many Bristol
Bay communities, including Ekwok, Dillingham, Kokhanok, New Stuyahok, Koliganek, lliamna, Newhalen,
Nondalton, Naknek, King Salmon, Igiugig, and Levelock. USEPA also met with representatives from Bristol Bay
tribal governments and corporations, as well as organizations representing the mine industry, commercial
fishers, seafood processors, hunters and anglers, chefs and restaurant owners, jewelry companies,
conservation interests; members of the faith community; and elected officials from Alaska and other states.
USEPA heard from hundreds of people at these meetings and from thousands more via phone and email.
USEPA was also invited to numerous conferences and meetings to discuss the assessment.

¢ Intergovernmental Technical Team (IGTT). In August 2011, USEPA met with the IGTT, which was
established to provide USEPA with input on the structure of the assessment and to identify potential data
sources. IGTT participants included tribal representatives from Ekwok, Newhalen, lliamna, South Naknek, New
Koliganek, Curyung, Nondalton, and Levelock and agency representatives from the Alaska Department of
Public Health, the Alaska Department of Fish and Game, the National Park Service, the U.S. Fish and Wildlife
Service, the National Oceanic and Atmospheric Administration, and the Bureau of Land Management.
Feedback from this workshop was used to inform the early stages of problem formulation. USEPA also updated
the IGTT on assessment progress in January 2012 via webinar.

e Tribal consultation. USEPA’s policy is to consult on a government-to-government basis with federally
recognized tribal governments when USEPA actions and decisions may affect tribal interests. Consultation is a
process of meaningful communication and coordination between USEPA and tribal officials. In February 2011,
USEPA invited all 31 federally recognized tribal governments (tribes) of the Bristol Bay region to enter formal
consultation on the assessment, to ensure their involvement and to include their concerns and relevant
information in the assessment. Throughout development of the assessment there have been numerous
opportunities for tribes to participate in the tribal consultation process. Not all tribes elected to participate in
consultation. USEPA met with representatives from 20 of the 31 tribes (including all 13 tribes with federally
recognized tribal governments in the Nushagak and Kvichak River watersheds), either in person or on the
phone, during the consultation process.

o Alaska Native Claims Settlement Act (ANCSA) engagement. USEPA provided multiple engagement
opportunities for ANCSA Village and Regional Corporations throughout development of the assessment,
consistent with Public Law 108-199, Division H, Section 161, and Public Law 108-447, Division H, Title V,
Section 518. USEPA representatives traveled to King Salmon, lliamna, and Anchorage for meetings at the
request of multiple ANCSA Corporations, to share information about and receive input on the assessment.
Additionally, ANCSA Corporation representatives were invited to participate in a webinar following the release
of April 2013 draft of the assessment. Throughout assessment development, ANCSA Corporations have
traveled numerous times to meet with USEPA officials in Anchorage, Seattle, and Washington, D.C. Seventeen
of the 26 ANCSA Corporations within the Bristol Bay region were engaged through these mechanisms.

e Public comments. USEPA released two drafts of the assessment for public comment. Approximately 233,000
and 890,000 comments were submitted to the USEPA docket during the 60-day public comment period for the
May 2012 and April 2013 drafts of the assessment, respectively. USEPA also held eight public comment
meetings in June 2012, in Dillingham, Naknek, New Stuyahok, Nondalton, Levelock, Igiugig, Anchorage, and
Seattle. Approximately 2,000 people attended these meetings. An overview of these meetings was shared via
two webinars in July 2012.

e Public involvement in peer review. USEPA provided multiple opportunities for stakeholder involvement in
the peer review process. In February 2012, the public was invited to nominate qualified scientists as potential
peer reviewers; these nominations were submitted to the peer review contractor for consideration. In March
2012, USEPA requested public comments on the questions to be given to peer reviewers, and these questions
were revised in response to comments received. In August 2012, the public was invited to participate in the
first 2 days of the peer review meeting in Anchorage, to provide oral comments to and observe discussions
among the peer reviewers.
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Detailed background characterizations of the watershed’s resources are included in the assessment’s
appendices. We used these characterization studies and input from the IGTT to develop a series of
conceptual models illustrating potential linkages between sources and stressors associated with large-
scale mining and the assessment endpoints. These models were then used to develop a plan for
analyzing and characterizing risks. In the risk analysis, available data were used to assess potential
exposures to stressors and potential effects on assessment endpoints stemming from those exposures.
In the final phase, results of these analyses were integrated to provide a comprehensive picture of the
risks to assessment endpoints within the defined scope of the assessment. The uncertainties and

limitations associated with these analyses were also identified.

This assessment has undergone extensive review throughout its development. Two earlier drafts of the
assessment, released in May 2012 and April 2013, were subjected to review by 12 independently
selected, expert peer reviewers (Box 1-2). Both of these drafts also had 60-day public comment periods,

during which interested parties could submit their comments on the assessment to USEPA (Box 1-1).

1.2 Uses of the Assessment

This assessment is a scientific investigation. It does not reflect any conclusions or judgments about the
need for or scope of possible government action, nor does it offer or analyze options for future decisions.
Rather, it is a scientific product intended to provide a characterization of the biological and mineral
resources of the Bristol Bay watershed, increase understanding of the potential risks to fish resources

from large-scale mining, and inform future government decisions.

USEPA and other stakeholders may use this assessment in several ways. The assessment will inform the
public and interested government entities about the resources of the Bristol Bay watershed. Much of the
information about these resources was previously found in a variety of sources. In this assessment, we
have synthesized and integrated available literature and provided a useful summary characterizing the

Bristol Bay watershed’s resources.

The assessment also will inform the public and interested government entities about the potential
impacts of large-scale mining. USEPA recognizes the high level of interest concerning the impacts of
potential mine development on the watershed’s ecological resources. That interest originates from
Alaska Native communities within the watershed, other Alaska residents, and interested parties
throughout the United States. It is expressed both by those interested in protecting the Bristol Bay
fishery and by those interested in developing the watershed’s extensive mineral resources. This
assessment is a scientific and technical resource that is useful to members of the public as they weigh
the challenges of both mining and protecting the ecological resources in the Bristol Bay watershed in the

years ahead.
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BOX 1-2. OVERVIEW OF THE ASSESSMENT’S PEER REVIEW PROCESS

The peer review process is designed to provide a documented, independent, and critical review of a draft
assessment. Its purpose is to identify any problems, errors, or necessary improvements to a document prior
to it being published or otherwise released as a final document. To this end, the U.S. Environmental
Protection Agency (USEPA) tasked Versar, an independent contractor, with coordinating an external peer
review of the May 2012 draft assessment. Versar assembled 12 independent experts to serve as peer
reviewers. These reviewers were selected from a pool of candidates that included those suggested during a
public nomination process. In assembling the peer reviewers, Versar evaluated the qualifications of each
peer review candidate and conducted a thorough conflict of interest screening process.

The peer reviewers were asked to evaluate and provide a written review of the May 2012 draft of the
assessment (the main report and its appendices) by responding to 14 questions developed by USEPA with
input from public commenters. Peer reviewers were charged only with evaluating the quality of the science
included in the draft assessment and were not charged with making any regulatory recommendations,
commenting on any policy implications of USEPA’s role or mine development in the region, or reaching
consensus in either their deliberations (during the peer review meeting, see below) or their written
comments. Peer reviewers were provided with a summary of public comments submitted during the 60-day
public comment period for the May 2012 draft and were given access to the public comments themselves.

A 3-day peer review meeting, coordinated by Versar, was held in Anchorage, Alaska, on August 7 through 9,
2012. On the first day of the meeting, peer reviewers heard testimony from approximately 100 members of
the public. Peer reviewers deliberated among themselves on the second and third days of the meeting;
these deliberations were open to the public on the second but not the third day.

Following the public peer review meeting, peer reviewers were given additional time to complete their
individual written reviews. Versar provided these final written comments to USEPA in their Final Peer Review
Meeting Summary Report for the May 2012 draft, which USEPA released to the public in November 2012.
USEPA considered these peer review comments, as well as comments received during the 60-day public
comment period, as they revised the May 2012 draft of the assessment.

In April 2013, USEPA released a revised draft of the assessment. The same 12 peer reviewers were asked
to conduct a follow-on peer review to evaluate whether the April 2013 draft of the assessment was
responsive to their original comments. USEPA provided reviewers with a draft response to comments
document, in which USEPA responses to peer review comments on the May 2012 draft assessment were
added to the Final Peer Review Meeting Summary Report submitted by Versar.

In the follow-on review, peer reviewers were asked to go through their comments on the May 2012 draft,
review USEPA’s draft responses to their original comments, and evaluate whether their original review
comments had been addressed sufficiently and whether appropriate changes had been incorporated into
the April 2013 draft. USEPA received these follow-on peer review comments directly from the 12 peer
reviewers in August to September 2013. Again, USEPA considered these peer review comments, as well as
comments received during the 60-day public comment period, as they revised the April 2013 draft of the
assessment.

All drafts of the assessment (May 2012, April 2013, and final), as well as the peer review comments on the
May 2012 and April 2013 drafts and USEPA’s responses to those comments, are available online.
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Our findings concerning the potential impacts of large-scale mining will help to inform future
government decisions regarding mine development in the Bristol Bay watershed and potential actions
to protect and maintain the integrity of the watershed’s aquatic resources. One of the initiators for the
assessment was the multiple petitions to USEPA to use its authority under CWA Section 404(c). Itis
expected that the assessment will provide an important base of information for any agency decision
about whether or not to use Section 404(c), either now or in the future, and will facilitate a thoughtful

decision regarding whether application of this authority is or is not warranted.

The assessment may also assist federal and state scientists and resource managers involved in the
evaluation of future mine permit applications submitted for the deposits in the Bristol Bay watershed. It
is likely that future mines in the watershed would require the filling of streams and wetlands and thus
would require a Section 404 permit from the U.S. Army Corps of Engineers. USEPA reviews and
comments on proposed Section 404 permit applications, and this assessment will be a valuable resource

in the development and review of such permit applications.

If a Section 404 permit or other major federal action is required for a future mine in the watershed, it
would trigger review of the proposed mine under the National Environmental Policy Act. This
assessment, particularly in terms of its identification and analysis of potential direct, indirect, and
cumulative effects of large-scale mining, will be a valuable resource in the development and review of

any future environmental assessment related to mining in the Bristol Bay watershed.

Perhaps the most important use of this assessment is to better inform dialogues among interested
stakeholders concerning the resources in the Bristol Bay watershed and the potential impacts of large-

scale mining on those resources.
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CHAPTER 2. OVERVIEW OF ASSESSMENT

2.1 Structure

We based this assessment on U.S. Environmental Protection Agency (USEPA) guidelines for ecological
risk assessment (ERA) (USEPA 1998). We began by reviewing existing literature to synthesize
background information on the Bristol Bay region, particularly the Nushagak and Kvichak River
watersheds. This information focused on several topics, including the ecology of Pacific salmon and
other fishes; the ecology of relevant wildlife species; mining and mitigation, particularly in terms of
porphyry copper mining; potential risks to aquatic systems due to road and pipeline crossings; fishery
economics; and Alaska Native culture. These detailed background characterizations are included as

appendices to this assessment.

In accordance with the different phases of an ERA, the assessment document itself is organized into two
main sections: Problem Formulation (Chapters 2 through 6) and Risk Analysis and Characterization
(Chapters 7 through 14). Problem formulation is the first phase of an ERA, during which the purpose
and scope of the assessment are defined (USEPA 1998). Risk assessors, decision makers, and
stakeholders determine the topical, spatial, and temporal scope needed to effectively address whatever
decision process the assessment is meant to inform. Assessment endpoints, or explicit expressions of the
environmental entities of interest (USEPA 1998), are identified. Conceptual models illustrating potential
linkages among sources, stressors, and endpoints considered in the assessment (Box 2-1), as well as a

plan for analyzing and characterizing risks, are developed.

The risk analysis and characterization phases follow problem formulation (USEPA 1998). During the
risk analysis phase, available data are used to assess potential exposures to stressors and exposure-
response relationships for those exposures and endpoint effects. In the risk characterization phase,
information on exposures and effects is integrated, and the uncertainties and limitations associated with
the assessment’s analyses are identified.
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BOX 2-1. CONCEPTUAL MODELS

Throughout this assessment we use conceptual model diagrams to illustrate potential ways in which large-
scale mine development may adversely affect the Bristol Bay watershed’s biota and Alaska Native cultures.
These conceptual model diagrams show hypothesized pathways linking common sources associated with
mining to potential stressors, and those stressors to responses of interest. Inclusion of a pathway indicates
that the pathway can occur, not that it will definitely occur. Thus, these diagrams are not meant to illustrate
worst-case scenarios in which all pathways occur simultaneously. Rather, they are meant to provide
overviews of potential linkages among sources, stressors, and responses, one or more of which may
plausibly result from mine development.

The conceptual model diagrams contain the following elements
(note that not all elements are found in each diagram).

| source | Sources are entities associated with mining that may directly or
indirectly result in one or more stressors.

Steps in causal pathways are processes or states that may link

sources to stressors or stressors to responses.
_ Stressors are physical or chemical entities that may directly induce
step Itrf:l] causal a response of concern.
athwa e
P y Modifying factors are processes, states, or other factors that may

influence the delivery, expression, or effect of stressors (e.g.,
temperature, time or duration of exposure, mitigation).

VW Biotic responses are potential effects on salmon, other fishes, and
wildlife.
stressor . .
Human responses are potential effects on Alaska Native people

modifying and culture.

factor When viewing these diagrams, it helps to keep the following
principles in mind.
step ”;]w usal e Arrows leading from one shape to another indicate a
pathway hypothesized cause-effect relationship, whereby the first (or
originating) shape could plausibly cause or result in the second
shape.
\/ e Arrows leading from a shape to another arrow (or a general

biotic re@ section of the diagram) indicate that the originating shape

(always categorized as a modifying factor) could plausibly
influence the cause-effect relationships indicated (e.g., by
increasing or decreasing its probability or intensity of

N/ occurrence).

e Shapes bracketed under another shape are specific components

human response of the more general shape under which they appear.

e Within a shape, 1" indicates an increase in the parameter, |,
indicates a decrease in the parameter, and A indicates a change
in the parameter.

2.1.1 Data Used in the Assessment

An ERA requires data of sufficient quantity and quality, from a variety of sources. Throughout the
problem formulation, risk analysis, and risk characterization phases, relevant data are identified and
acquired. These data may result from different kinds of studies, including field studies at the site of
interest, field studies at other sites somehow relevant to the site or issue of interest, laboratory tests,

and modeling applications.
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In this assessment, we prioritized peer-reviewed, publicly accessible sources of information to ensure
that the information and data we incorporated were of sufficient quality. In many cases, however, peer-
reviewed data—particularly those directly relevant to potential mining in the Bristol Bay region—were
not available. Thus, we incorporated credible, non-peer-reviewed data from multiple sources, including
state government agencies (e.g., the Alaska Department of Fish and Game [ADF&G], the Alaska
Department of Natural Resources [ADNR]), federal government agencies (e.g., the U.S. Geological Survey
[USGS], the U.S. Fish and Wildlife Service [USFWS]), and academic organizations (e.g., Scenarios Network
for Alaska and Arctic Planning [SNAP] data).

We also incorporated non-peer-reviewed data collected under the auspices of the Pebble Limited
Partnership (PLP) (e.g., as presented in Ghaffari et al. 2011, PLP 2011), as these sources contain data
directly relevant to the Pebble deposit and the surrounding region. Both Ghaffari et al. (2011) and the
PLP’s environmental baseline document (PLP 2011) are cited numerous times throughout the
assessment. PLP is currently conducting its own peer review of the data presented in its baseline

document, but that review had not been completed when this assessment was released.

Other non-governmental organizations have collected data relevant to the assessment. USEPA subjected
some of these documents to external peer review and, where defensible, we have incorporated this
information into the assessment (e.g.,, Chambers and Higman 2011, Woody and Higman 2011,
Earthworks 2012).

In addition, some minor sources of information (e.g., permits and reports filed by mining companies)
were used without peer review. In all cases, sources of information and data included in the assessment

are appropriately cited (Chapter 15).

Throughout the assessment, we present numbers from the scientific literature or from PLP (2011) using
the number of significant figures in the original source. Numbers derived for this assessment are
presented with the appropriate number of significant figures given the precision of the input data and

uncertainties due to modeling and extrapolation.

2.1.2 Types of Evidence and Inference

As in other ERAs, the risk analysis and characterization phase of this assessment is based on weighing
multiple types of evidence. Available and relevant pieces of evidence from a variety of sources are used

to follow different lines of inference and reach the best-supported conclusions.

In this risk analysis, we use general scientific knowledge, mathematical and statistical models, and data
from the Bristol Bay region, other sites (e.g., mines in other regions), and laboratory studies to evaluate
potential consequences of three mine size scenarios—that is, realistic potential mines of different sizes,
the characteristics of which are based largely on a mining company report (Ghaffari et al. 2011)—in
terms of sources, exposure to different stressors, and exposure-response relationships. First, we
estimate the magnitude of exposures potentially resulting from both routine operation and accidents
and failures in the mine scenarios, such as elevated aqueous copper concentrations, kilometers of

streams eliminated, and kilometers of streams upstream of road crossings. Then, we consider the effects
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of these exposures—that is, the exposure-response relationships—on our endpoints of interest (e.g., the
relationship between water withdrawal and loss of salmon habitat, concentration-response
relationships for copper and fish). We describe and quantify, where possible, exposure-response
relationships for the endpoints and estimated exposures. For some issues, multiple lines of evidence are
available (e.g., state standards, federal criteria, effects models, field studies, and toxicity tests as lines of

evidence for copper toxicity); for other issues, lines of evidence are more limited.

Evidence from existing mines and other analogous facilities is used where relevant. Prior mining
activities in comparable watersheds provide examples of what can happen to the environment when
metals are mined. Some components of our mine scenarios have analogues in other industries (e.g., oil
and gas pipelines). These inferences by analogy reduce the uncertainties that come with modeling and
prediction, but introduce other uncertainties related to industry-specific or site-specific differences in
environmental conditions and potential changes in practices. Because no analogue is similar in all
aspects to potential mines and their components in the Bristol Bay region, we choose analogues to fit the
specific issues being assessed and take care to use analogues that are defensible despite their
differences from our mine scenarios. For example, the Fraser River watershed could be considered an
analogous system to the Bristol Bay watershed because it has similar mines and a similar salmon
resource, but we recognize that there are important differences between these systems (e.g., extensive
urban development, forestry, and agriculture in the Fraser River watershed). Metal mines in the Rocky
Mountain metal belt (e.g., sites near the Coeur d’Alene River, Idaho, and the Clark Fork River, Montana)
were developed using mining practices that would not be allowed under current mining laws. However,
the fate and effects of tailings in streams and floodplains at these sites, which also supported trout and
salmon populations, offer some parallels to the fate and effects of tailings following potential tailings

dam failures in the Bristol Bay region, should they occur—even if the underlying causes of failure differ.

The use of data from the historical, operational records of mines, pipelines, and roads is necessary but
controversial. It is essential and conventional for risk assessments to use the history of a technology to
estimate failure rates. However, developers argue, with some justification, that the record of older
technology is not relevant because of technological advances. Despite advances, no technology is perfect,
and rates of past failures may be a better guide to future outcomes than the expectation that developers
can design a system that will not fail. A classic example is the National Aeronautics and Space
Administration (NASA) space shuttle program, which denied the relevance of the failure rate of solid
rocket boosters and declared that the shuttle’s rate of failure on launch would be one in a million. The

Challenger failure showed that the prior failure rate was still relevant, despite updated technology.

For most potential failures, historical failure rates are the only available evidence. New technologies
typically have not been in use long enough or widely enough to provide failure rates, and measures to
correct past failure modes may unwittingly introduce new ones. Thus, in this assessment we choose
failure rates that are most relevant and interpret them cautiously, using them to provide an upper

bound estimate of future failure rates.
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After these analyses and lines of evidence are presented, we characterize risk for each line of evidence
by combining exposures and exposure-response relationships to estimate effects and by considering
uncertainties. We weigh different lines and types of evidence based on evidence strength and quality.
The resulting qualitative or quantitative estimates of risk and uncertainty are based on either the best
line of evidence or a combined estimate from multiple lines of evidence and inferences. Bounding
analyses, which set upper and lower limits for key parameters, are used to express uncertainties
concerning future mine activities and their effects. In particular, multiple mine sizes and durations are
included in the mine scenarios (Chapter 6). Bounding is also used to express stochasticity. For example,
the occurrence and magnitude of tailings dam failures are random variables that cannot be reasonably
defined. Hence, a range of tailings dam failure probabilities and a range of tailings release magnitudes
are evaluated (Chapter 9).

2.2 Scope
2.2.1 Topical Scope

Construction and operation of a large-scale mining operation require the development of extensive
infrastructure and involve numerous processes and components, each of which may have repercussions
for receiving environments. In this assessment, we do not consider all potential sources of risk
associated with the development of large-scale mining in the Bristol Bay watershed, all the stressors
that may result from these sources, and all the endpoints that may be affected. Rather, we focus on a
more limited set of sources, stressors, and endpoints based on stakeholder concerns and potential
decision-maker needs (Chapter 1). These focal components are described in broad terms below. In
Chapters 3 through 6, we consider these components in greater detail, and more specifically define the
focus of the assessment—in terms of geographic region, type of mining development, and ecological

endpoints—for risk analysis and characterization purposes.

In terms of sources, we consider the mine infrastructure and transportation corridor components of a
large-scale surface mining operation (Figure 2-1). Exploratory mining activities are ongoing in the
region (Box 2-2), but these activities are considered outside the scope of the assessment. Certain sources
associated with mining but not directly related to mine operations are not evaluated here, including
power generation and transmission facilities and activities, ancillary facilities such as housing for mine
workers and wastewater treatment plants to serve an increased human population, and construction
and operation of a deep-water port at Cook Inlet (Figure 2-1). A thorough evaluation of induced
development—development that is not part of the mine project, but for which the mine project provides
the impetus or opportunity, such as residential and commercial growth resulting from increased
accessibility—is also outside the scope of this assessment, although its importance is considered
qualitatively in Chapter 13.
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Figure 2-1. Conceptual model illustrating sources, stressors, and responses potentially associated with large-scale mine development in
the Bristol Bay watershed. Pathways explicitly evaluated in this assessment are in bold; dashed pathways may be considered qualitatively in

parts of the assessment, but are generally considered outside its scope. See Box 2-1 for a general discussion of how conceptual models are
used and structured in the assessment.
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BOX 2-2. EXPLORATORY MINING ACTIVITIES

Exploratory activities associated with the Pebble deposit—including geophysical, geochemical, and
environmental surveys, geological mapping, and drilling—have been underway for several decades (Ghaffari
et al. 2011). For example, 1,158 holes were drilled on the Pebble property through 2010, totaling

948,638 feet (289,145 m) (Ghaffari et al. 2011). These holes are concentrated in the Pebble deposit area,
but occur throughout the Pebble claim block. According to the Pebble Limited Partnership’s annual
reclamation reports (submitted to the State of Alaska by the Pebble Limited Partnership in accordance with
their land use permits), the total amount of land disturbed between 2009 and 2012 was approximately 3
acres.

Because these exploratory activities require water, power, personnel support, and the use of chemicals,
heavy machinery, helicopters, and other equipment in relatively undeveloped areas, they likely have had
some environmental impact on the region. Full evaluation of these effects is beyond the scope of this
assessment, and it is likely that any effects of exploratory activities would be small relative to the effects of
full mine development.

In terms of stressors, we focus on potential environmental effects on freshwater habitats (Figure 2-1).
We focus on freshwater habitats because the Bristol Bay watershed supports exceptional fish
populations, and these populations are intimately linked to the watershed’s freshwater habitats.
Although we recognize that large-scale mining could also have significant direct impacts on terrestrial
and marine systems, as well as direct economic and cultural repercussions, we do not evaluate these

impacts here (Figure 2-1).

Given the ecological and cultural significance of fishery resources in the Bristol Bay watershed, and the
fact that the health and sustainability of the watershed’s fish populations are primary concerns shared
by all stakeholders interested in the Bristol Bay area (including those who support mining), we focus on
effects on key salmonids (Box 2-3) and resulting effects on wildlife and Alaska Native cultures as
assessment endpoints (Chapter 5). Direct effects of mining on wildlife and Alaska Native cultures,
although potentially significant, are not evaluated in this assessment. For example, construction and
operation of a transportation corridor would likely directly affect wildlife populations (Forman and
Alexander 1998); however, because the assessment focuses on freshwater habitats, these direct wildlife
effects are not considered here. The only effects on wildlife and Alaska Native cultures evaluated in the
assessment are those resulting from impacts on fish populations (Chapter 12). We also recognize that
many other endpoints may be directly affected by large-scale mining operations, including other biota
(e.g., vegetation, small mammals), other recreational and commercial fisheries, and human health

(Figure 2-1), but these topics are also outside the scope of the assessment.

It is important to keep in mind that exclusion of a source, stressor, or endpoint from this assessment
does not imply that it would be insignificant or unaffected. We recognize that many of the pathways we
identify as outside of the assessment’s scope could have significant repercussions for the region’s biota

and people.
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BOX 2-3. KEY SALMONIDS IN THE BRISTOL BAY WATERSHED

The Bristol Bay watershed’s freshwater habitats support a diverse and robust assemblage of fishes,
dominated by the family Salmonidae. This family comprises three subfamilies—Salmoninae (salmon, trout,
and char), Thymallinae (grayling), and Coregoninae (whitefish)—all of which are represented in the region. In
this assessment, we focus on fishes in the subfamily Salmoninae, particularly the five North American
Pacific salmon species (sockeye, Chinook, coho, chum, and pink), rainbow trout, and Dolly Varden (a species
of char). Collectively, we refer to these seven species as salmonids throughout this report.

All Salmonidae spawn in freshwater, but they can differ in their life histories. Some populations (e.g., Bristol
Bay’s Pacific salmon) are anadromous, meaning that individual fish migrate to marine waters to feed and
grow before returning to fresh waters to reproduce. Other Bristol Bay populations (e.g., lake trout, Arctic
grayling) are non-anadromous (resident), meaning that essentially all individuals remain in fresh waters to
feed. Other populations (e.g., rainbow trout, Dolly Varden) can exhibit either anadromous or non-
anadromous life histories.

2.2.2 Geographic Scales

Throughout this assessment, we consider data across five geographic scales (Table 2-1, Figure 2-2).

e The Bristol Bay watershed (Scale 1, Figure 2-3) includes all the basins and waterways that flow into

Bristol Bay.

e The Nushagak and Kvichak River watersheds (Scale 2, Figure 2-4) include those drainage areas that
contain stream segments flowing either directly or via downstream segments into the mainstem

Nushagak River or Kvichak River.

e The mine scenario watersheds (Scale 3, Figure 2-5) include the cumulative drainage areas of the
South and North Fork Koktuli Rivers to their junction and Upper Talarik Creek to its junction with

[liamna Lake.

o The mine scenario footprints (Scale 4, Figure 2-6) include the footprints of the major mine
components (i.e., the mine pit, waste rock piles, and tailings storage facilities), the groundwater

drawdown zone, and plant and ancillary facilities for each mine size scenario (Chapter 6).

e The transportation corridor area (Scale 5, Figure 2-7) includes 32 subwatersheds in the Kvichak
River watershed that drain to [liamna Lake and would be crossed by the transportation corridor

(Chapter 6); the transportation corridor does not cross into the Nushagak River watershed.

These geographic scales are defined using the USGS National Hydrography Dataset (USGS 2012) (Box
2-4, Table 2-1). In problem formulation, we use broader geographic scales to describe the physical,
chemical, and biological environment in the Bristol Bay region (Table 2-1); we also use broader scales to
consider the effects of multiple mines across the landscape. In risk analysis and characterization, we use

finer geographic scales to evaluate the potential effects of mining operations.
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BOX 2-4. THE NATIONAL HYDROGRAPHY DATASET

The National Hydrography Dataset (NHD) is a publicly available database of surface water information for
the United States (USGS 2012). Within the NHD, the entire landscape of the United States is organized into
a six-tiered system of nested hydrologic units, each with their own identifiable codes (hydrologic unit codes,
or HUCs). These tiers are defined as regions (represented by 2-digit codes), subregions (4-digit codes),
basins (6-digit codes), subbasins (8-digit codes), watersheds (10-digit codes), and subwatersheds (12-digit
codes). In total, the entire United States is divided into roughly 160,000 subwatersheds (12-digit HUCs)
within roughly 21 regions (2-digit HUCs). Due to the hierarchical nature of the system, all subwatersheds
(12-digit HUCs) within the same watershed start with the same first 10 digits, all watersheds (10-digit HUCs)
within the same subbasin start with the same first 8 digits, and so on.

It is important to note that the NHD hydrologic units do not always delineate true hydrologic watersheds (i.e.,
their boundaries do not always accurately indicate where water drains to a particular point). Nevertheless,
these boundaries are useful in both water resource and land management and are used as a foundational
geographic layer in this assessment.

Table 2-1. Geographic scales considered in the assessment.

Area Representative
Scale Description Hydrologic Unit Codes (HUCs)2 (% of scale above) Chapters
1 Bristol Bay watershed | 19030202-19030206, 116,000 km2 (NA) 2,3,4,5,13
19030301-19030306,
1903010101-1903010113,
1903010201-1903010203,
1903020101-1903020110
2 Nushagak and 19030301-19030304, 59,900 km2 (52%) 2,3,4,5,13
Kvichak River 19030205, 19030206"
watersheds
3 Mine scenario 190303021103, 190303021104, 925 km2 (2%) 6,7,8,9 12
watersheds 190303021101-190303021102
1903020607,
4 Mine scenario footprints
Pebble 6.5 NA 103 km2 (11%) 6,7,8,9 12
Pebble 2.0 NA 45.3 km2 (5%) 6,7,8,9 12
Pebble 0.25 NA 18.9 km2 (2%) 6,7,8,9, 12
5 Transportation 190302051403-190302051406, 6,10, 11
corridor areac 190302060101-190302060104, 2,340 km2 (4%¢)
190302060201-190302060206,
190302060301-190302060302,
190302060701-190302060702,
190302060704,
190302060901-190302060905,
190302060907, 1903020609144

Notes:

a  From the National Hydrography Dataset (NHD) (USGS 2012). Scale 1 is defined by 8-digit and 10-digit HUCs; Scale 2 by 8-digit and 12-digit
HUCs; Scale 3 by 10-digit and 12-digit HUCs; Scale 5 by 12-digjt HUCs. See Box 2-4 for further discussion of the NHD.

b Except for 190302062301-190302062311.

¢ The transportation corridor would include a 113-km road in the Kvichak River watershed; the area presented here represents the area of the
12-digjt HUCs incorporating this road.

d The 190302060914 area was clipped to remove the area of lliamna Lake and any land area draining directly to lliamna Lake.

¢ Represents % of Scale 2 encompassed by the transportation corridor area HUCs.

NA = not applicable
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Figure 2-2. The five geographic scales considered in this assessment. Only selected towns and villages are shown on this map. See Figures

2-3 through 2-7 for detailed views of each scale.
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Figure 2-3. The Bristol Bay watershed (Scale 1), comprising the Togiak, Nushagak, Kvichak, Naknek, Egegik, and Ugashik River

watersheds and the North Alaska Peninsula. Only selected towns and villages are shown on this map.
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Figure 2-4. The Nushagak and Kv er watersheds (Scale 2).
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Figure 2-5. The mine scenario watersheds—South Fork Koktuli River, North Fork Koktuli River, and
Upper Talarik Creek—within the Nushagak and Kvichak River watersheds (Scale 3).
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Figure 2-6. Footprints of the major mine components for the three scenarios evaluated in the
assessment (Scale 4). Pebble 0.25 represents 0.25 billion ton of ore; Pebble 2.0 represents 2.0
billion tons of ore; Pebble 6.5 represents 6.5 billion tons of ore. Each mine footprint includes the
footprints of the major mine components shown here, as well as the groundwater drawdown zone
and the area covered by plant and ancillary facilities. See Figures 6-1, 6-2, and 6-3 for more detailed
maps of the major mine components for each scenario. Light blue areas indicate streams and rivers
from the National Hydrography Dataset (USGS 2012) and lakes and ponds from the National
Wetlands Inventory (USFWS 2012); dark blue areas indicate wetlands from the National Wetlands
Inventory (USFWS 2012).
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Figure 2-7. The transportation corridor area (Scale 5), comprising 32 subwatersheds in the Kvichak River watershed that drain to lliamna

Lake. Subwatersheds are defined by 12-digit hydrologic unit codes according to the National Hydrography Dataset (USGS 2012) (Box 2-4).
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Bristol Bay is a large gulf of the Bering Sea located in southwestern Alaska. The land area draining to
Bristol Bay consists of six major watersheds—from west to east, the Togiak, Nushagak, Kvichak, Naknek,
Egegik, and Ugashik River watersheds—and a series of smaller watersheds draining the North Alaska
Peninsula (Figure 2-3). The Bristol Bay region encompasses complex combinations of physiography,
climate, geology, and hydrology, which interact to control the amount, distribution, and movement of
water through a landscape shaped by processes such as tectonic uplift, glaciation, and fluvial erosion
and deposition. The region’s freshwater habitats are varied and abundant, and support a diverse and

robust assemblage of fish (Chapter 5).

The Nushagak and Kvichak River watersheds account for more than half the land area in the Bristol Bay
watershed (Table 2-1). The Pebble deposit, the largest known porphyry copper deposit in the region, is
located in the headwaters of both watersheds (Figure 2-4) and represents the most likely site for near-
term, large-scale mine development in the Bristol Bay watershed. In this chapter, we consider key
aspects of the Bristol Bay watershed’s physical environment, with particular emphasis on the Nushagak
and Kvichak River watersheds (Figure 2-4).

3.1 Physiographic Divisions

The Nushagak and Kvichak River watersheds comprise five distinct physiographic divisions (Wahrhaftig
1965): the Ahklun Mountains, the Southern Alaska Range, the Aleutian Range, the Nushagak-Big River
Hills, and the Nushagak-Bristol Bay Lowland (Table 3-1, Figure 3-1). Precipitation is greatest in the
Southern Alaska Range, the Aleutian Range, and the Ahklun Mountains (Figures 3-1 and 3-2), and these
physiographic divisions serve as major water source areas for lower portions of the watersheds. Annual
water balance, especially in the mountains and hills, is dominated by snowpack accumulation and
subsequent melt, although late summer and fall rains are also important contributors to the hydrologic
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cycle, particularly in the Nushagak-Bristol Bay Lowland division (Selkregg 1974). Additional key

attributes of each physiographic division are discussed below.

The Ahklun Mountain physiographic division, in the western portion of the Nushagak River watershed,
is dominated by rolling hills to sharp, steep, glaciated mountains that receive high snowfall (Table 3-1,
Figure 3-1) (Wahrhaftig 1965, Selkregg 1974, Gallant et al. 1995). Parent bedrock is deformed
sedimentary rocks, intruded in several locations by igneous batholiths and stocks (Figure 3-3). A few
small glaciers occur in high mountain cirques, and isolated masses of permafrost occur sporadically
(Figure 3-4). Glacially carved lowland valleys are now filled with large, deep lakes, and adjacent streams
are often incised in bedrock gorges. The surrounding area is mantled with colluvium, alluvium, and
glacial drift and moraines (Figure 3-3). Soils are generally well drained and have medium erosion
potential (Figures 3-5 and 3-6). Dwarf scrub is the dominant vegetation in the mountains and tall scrub

and herbaceous plants are common in the valleys and lower mountain slopes (Figure 3-7).

The Southern Alaska Range physiographic division comprises a series of high, steep, glaciated
mountains with land surfaces covered by rocky slopes, glacial drift and moraines, and glaciers

(Table 3-1, Figure 3-1) (Wahrhaftig 1965, Selkregg 1974). Bedrock is a complex of granitic batholiths
intruded into metamorphosed sedimentary and volcanic rock (Figure 3-3). Soils are shallow or not
present (Figure 3-5) and permafrost occurs as isolated masses (Figure 3-4). Alpine tundra is the
predominant vegetation (Figure 3-7). Streams are frequently swift and braided with several headwaters
originating in glaciers (Figure 3-8). Several large, deep lakes occur in the glaciated valleys within the
division (Figure 3-8). Braided, turbid streams flow into lakes, allowing sediment to settle, before flowing

into the Nushagak and Kvichak River systems.

Within the Bristol Bay watershed, the Aleutian Range physiographic division consists of rolling hills to
steep, glaciated mountains built of sedimentary, volcanic, and intrusive bedrock (Table 3-1, Figure 3-1)
(Wahrhaftig 1965, Selkregg 1974). Cirque glaciers remain atop mountains in the extreme southeast
corner of the Kvichak River watershed (Figure 3-3). This division is generally free of permafrost

(Figure 3-4). Soils have formed in volcanic ash over glacial deposits at lower elevations, whereas rocky
lands dominate at higher elevations (Figure 3-5). Erosion potential is high for some soils in the Aleutian
Range division (Figure 3-6). Large, deep, moraine- and sill-impounded lakes are found in the ice-carved
valleys. The Alagnak River, which drains most of the Aleutian Range physiographic division within the
Bristol Bay watershed, is highly braided as it flows across the Nushagak-Bristol Bay Lowland division to
the Kvichak River. Dwarf scrub vegetation is common (Figure 3-7) (Selkregg 1974, Gallant et al. 1995).
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Table 3-1. Physiographic divisions (Wahrhaftig 1965) of the Nushagak and Kvichak River watersheds.

glaciers

Elevation Permafrost
Physiographic Division Description (meters) Extent Freshwater Habitats

Ahklun Mountains Rolling hills to sharp, steep, glaciated mountains 10-1,600 Sporadic Mix of unconstrained and constrained streams;
separated by broad lowlands, with a few small Wood and Tikchik Lakes in U-shaped valleys
glaciers in high mountain cirques

Southern Alaska Range Rolling hills to steep, glaciated mountains covered 14-2,800 Unknown Swift, braided streams and rivers, some with
by glacial drifts and moraines, rocky slopes, and glacial headwaters; Lake Clark and other large
glaciers lakes in glaciated valleys

Aleutian Range Rolling hills to sharp, steep glaciated mountains, 14-1,600 Unknown Large lakes associated with ice-carved valleys and
separated by broad lowlands, with a few small terminal moraines; glacially fed lake tributaries
glaciers in high mountain cirques

Nushagak-Big River Hills Rounded ridges with broad, gentle slopes and 14-1,300 Sporadic Glacial moraines and ponds in eastern part of
broad, flat or gently sloping valleys region; upper reaches of the Nushagak and

Mulchatna Rivers
Nushagak-Bristol Bay Flat to rolling landscape with low local relief and 0-800 Sporadic or Morainal and thaw lakes; western half of lliamna
Lowland deep morainal, drift, and outwash deposits, but no absent Lake; Kvichak, Alagnak, Nushagak, Nuyakuk, and

Mulchatna River mainstems
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Figure 3-1. Hydrologic landscapes within the Nushagak and Kvichak River watersheds, as defined
by physiographic division and climate class. Physiographic divisions (Wahrhaftig 1965) are classified
as Ahklun Mountains, Nushagak-Bristol Bay Lowland, Aleutian Range, Nushagak-Big River Hills, and
Southern Alaska Range. Climate classes (Feddema 2005) were defined as very wet, wet, moist, dry,

and semiarid, and calculated using 30-year (1971-2000) mean annual precipitation averages from
the Scenarios Network for Alaska and Arctic Planning data (SNAP 2012). Points labeled A through H
indicate approximate locations where photos in Figure 3-8 were taken.
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Figure 3-2. Distribution of mean annual precipitation (mm) across the Nushagak and Kvichak River

watersheds, 1971 to 2000 (SNAP 2012).
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Figure 3-3. Generalized geology of the Bristol Bay watershed (adapted from Selkregg 1974).
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Figure 3-4. Occurrence of permafrost in the Bristol Bay watershed (adapted from Selkregg 1974).
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Figure 3-5. Dominant soils in the Bristol Bay watershed (adapted from Selkregg 1974).
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Figure 3-6. Erosion potential in the Bristol Bay watershed (adapted from Selkregg 1974).
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Figure 3-7. Dominant vegetation in the Bristol Bay watershed (adapted from Selkregg 1974).
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Figure 3-8. Physiographic divisions of the Nushagak and Kvichak River watersheds of Bristol Bay.
The Nushagak and Kvichak River watersheds contain a wide range of aquatic habitats within five
distinct physiographic divisions; see Figure 3-1 for a map of these divisions and the general location
where each photo was taken. All photos taken between August 2003 and August 2013, courtesy of
Michael Wiedmer.

Southem Alska Rangedivison ofthe upper Kichak Rivr

Bristol Bay Assessment 311 January 2014



Chapter 3 Region

The Nushagak-Big River Hills physiographic division consists largely of rounded ridges that have
moderate elevations and broad, gentle slopes and broad, flat or gently sloping valleys (Table 3-1, Figure
3-1) (Wahrhaftig 1965, Selkregg 1974). Major geologic formations include graywacke, argillite,
conglomerate, and greenstone flows (Figure 3-3). No modern glaciers are present, but glacial drift and
moraines are common throughout lower elevations and colluvium and alluvium mantle higher
elevations. The Nushagak River headwaters are the only part of the Nushagak and Kvichak River
watersheds that have not been glaciated. In most of this division falling within the Nushagak and
Kvichak River watersheds, permafrost is found only in isolated masses or lenses (Figure 3-4). Soils
throughout the division are typically shallow, occur in well-drained to poorly drained conditions, and
have medium erosion potential (Figures 3-5 and 3-6). Rivers in the Mulchatna and Newhalen River
systems originate from glaciers in the Southern Alaska Range. Sediment from these glaciers is trapped in

large lakes, providing clearer water for downstream reaches.

The Pebble deposit is located in the eastern portion of the Nushagak-Big River Hills and is heavily
influenced by past glaciation (PLP 2011: Chapter 3). At various times, Pleistocene glaciers blocked the
South Fork Koktuli River, the North Fork Koktuli River, and Upper Talarik Creek, the three tributaries
draining the Pebble deposit area (Figure 2-5). Unconsolidated glacial deposits, ranging from a few to
several tens of meters in thickness, cover most of the area’s lower elevations (Detterman and Reed
1973). All three of the stream valleys in the Pebble deposit area have extensive glacial sand and gravel
deposits (PLP 2011: Chapter 8). Based on studies in the Pebble area, the Pebble Limited Partnership
(PLP) (2011) concluded that the presence of permeable shallow aquifers, upward hydraulic gradients,
and strong local relief indicate that local and intermediate groundwater flow systems dominate regional
groundwater flow systems. Further, PLP (2011) noted the presence of many local, cross-cutting faults

with high hydraulic conductivities in the Pebble deposit area.

The Nushagak-Bristol Bay Lowland physiographic division (Table 3-1, Figure 3-1) is mantled with
glacial drift and moraine deposits up to hundreds of meters deep, forming a rolling landscape with low
local relief (15 to 75 m) and maximum elevations of 90 to 150 m near the transitions from the lowland
to adjacent mountains or hills (Wahrhaftig 1965, Detterman 1986, Lea et al. 1991, Stilwell and Kaufman
1996). Arc-shaped bands of morainal deposits ranging from 1.6 to 8 km wide enclose Iliamna Lake and
are frequent in the lowlands between the Nushagak River and the Ahklun Mountains division

(Figure 3-3). Steep outliers of the Wood River Mountains in the Ahklun Mountains physiographic
division arise from the western part of the lowland. A small area with sand dunes occurs east of the
Nushagak River (Lea and Waythomas 1990). Glacial drift is coarser near the mountains because of high
amounts of outwash and grades to fine sand along the coast (Wahrhaftig 1965). The remainder of the
lowland is dominated by low-relief (less than 20 m), rolling expanses of tundra underlain by Holocene
peat and wind-born deposits (Lea et al. 1991). Glaciers do not occur today in the Nushagak-Bristol Bay
Lowland division, and permafrost is sporadic or absent (Figure 3-4) (Wahrhaftig 1965). Morainal and
thaw lakes are common, and mainstem rivers draining this area exhibit high channel complexity
(Figure 3-8). Poorly drained soils dominate in the southern portions, whereas well-drained soils

dominate across the remainder of the physiographic division (Figure 3-5). Soil erosion potential is
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moderate throughout the area (Figure 3-6). Extensive dwarf scrub communities occur on relatively well-
drained soils, and moist and wet tundra communities cover large areas as well (Figure 3-7) (Selkregg
1974, Gallant et al. 1995).

3.2 Hydrologic Landscapes

To better evaluate the influence of inherent river basin attributes on streamflows and thus fish
populations, we used the physiographic divisions discussed above to define different hydrologic
landscapes across the Nushagak and Kvichak River watersheds. These landscapes can be considered
hydrologic building blocks, in that they provide a broad-scale approach to spatially characterizing
climate and watershed factors controlling the amount, timing, and flowpaths of water within the
watersheds (Winter 2001).

We defined hydrologic landscapes by calculating water surplus (precipitation minus potential
evapotranspiration) across the basins in each of the five physiographic divisions, using Scenarios
Network for Alaska and Arctic Planning (SNAP) data (SNAP 2012) and procedures outlined by Feddema
(2005). Feddema (2005) defined six annual climate classes ranging from very wet to arid conditions.
The very wet, wet, and moist classes have an annual water surplus, whereas the dry, semi-arid, and arid
classes have an annual water deficit. Combining these climate classes with the physiographic divisions
(Section 3.1), we identified 18 different hydrologic landscapes across the Nushagak and Kvichak River
watersheds (Table 3-2, Figure 3-1), which represent the range of hydrologic characteristics across the

region.

3.3 Groundwater Exchange and Flow Stability

A key aspect of the Bristol Bay watershed’s aquatic habitats is the importance of groundwater exchange.
Because salmon rely on clean, cold water flowing over and upwelling and downwelling through porous
gravels for spawning, egg incubation, and rearing (Bjornn and Reiser 1991), areas of groundwater
exchange create high-quality salmon habitat (Appendix A). For example, densities of beach spawning
sockeye salmon in the Wood River watershed were highest at sites with strong groundwater upwelling
and zero at sites with no upwelling (Burgner 1991). Portions of the Nushagak-Bristol Bay Lowland and
Nushagak-Big River Hills physiographic divisions, including the Pebble deposit area, contain coarse-
textured glacial drift with abundant, high-permeability gravels and extensive connectivity between
surface waters and groundwater (Figures 3-3, 3-4, and 3-9). Abundant wetlands and small ponds also
contribute disproportionately to groundwater recharge (Rains 2011). This strong connection between
groundwater and surface waters helps to moderate water temperatures and streamflows. For example,
groundwater contributions that maintain water temperatures above 0°C are critical for maintaining

winter refugia in streams that might otherwise freeze (Power et al. 1999).
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Table 3-2. Distribution of hydrologic landscapes in the Nushagak and Kvichak River watersheds. Values represent percentage of total area

in the two watersheds.

Nushagak-Bristol
Physiographic Division Ahklun Mountains Southern Alaska Range Aleutian Range Nushagak-Big River Hills Bay Lowland

Climate Class v iw|wm v [w][wm]oD viw[m][v]w][mMm]|[D ]|V ]w]|wMm

Nushagak River Watershed
Nushagak River (whole watershed) 7 16 1 1 2 - - - - - - 25 9 - - 24 15
Nushagak River at Ekwoka 4 9 2 3 - - - - - - 40 14 - - 27 1
Nuyakuk River 19 43 2 - - - - - - 3 1 32 -
Mulchatna River 4 7 - - - - - - 53 22 - - 14 -
Nushagak River at Mulchatna River 8 18 1 - - - - - - - - 30 9 - - 35 -
Koktuli River - - - - - - - - - - - 99 - - - 1 -
South Fork Koktuli Riverb - - - - - - - - - - - 100 - - - - -
North Fork Koktuli Riverc - - - - - - - - - - - 100 - - - - -

Kvichak River Watershed
Kvichak River (whole watershed) - - - 16 13 8 1 2 11 2 - 7 7 - - 3 28
Kvichak River at Igiugigd - - - 25 20 12 2 - - 6 - 10 11 1 - - 11
Kaskanak Creek near Igiugige - - - - - - - - - - - 21 - - - 28 50
lliamna River near Pedro Bayf - - - 94 6 - - - - - - - - - - - -
Upper Talarik Creeke - - - - - - - - - - - 100 - - - - -

Notes:

Dashes (-) indicate hydrologic landscapes that are not found in that portion of the Nushagak or Kvichak River watersheds. Climate classes are defined as very wet (V), wet (W), moist (M), and dry (D)

according to Feddema (2005); no semi-arid or arid climates are found in the region.

a USGS gage 15302500.

b USGS gage 15302200.

¢ USGS gage 15302250.

4 USGS gage 15300500.

¢ USGS gage 15302520.

f USGS gage 15300300.

g USGS gage 15300250.
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Figure 3-9. Groundwater resources in the Bristol Bay watershed (adapted from Selkregg 1974). Yields are presented in gallons per minute.
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These groundwater contributions to streamflow, along with the influence of large and small lakes,
support flows in the region’s streams and rivers that are more stable than those typically observed in
many other salmon streams (e.g., in the Pacific Northwest or southeastern Alaska). Greater groundwater
contributions to streams result in more moderated streamflow regimes with lower peak flows and
higher base flows, creating a less temporally variable hydraulic environment. The lower mainstem
Nushagak and Kvichak Rivers illustrate this tendency toward moderated, consistent streamflows
(Figure 3-10). Coarse-textured glacial drift in the Kaskanak and Upper Talarik Creek drainages promotes
high groundwater contributions to these streams, resulting in stable flows through much of the year
(Figure 3-10). High baseflow in the Nushagak River also is consistent with increased interactions
between surface water and groundwater, as water flows from the Southern Alaska Range, Ahklun
Mountains, and Nushagak-Big River Hills into the coarse-textured glacial drift of the Nushagak-Bristol
Bay Lowland (Figure 3-10).

Water storage in upstream lakes plays a role in flow stabilization, as well. For example, in the Kvichak
River watershed, lliamna Lake dampens high flows from the Iliamna and Newhalen Rivers before they
reach the mainstem. The attenuating effect of upstream lakes on streamflow is also evident in the

Newhalen River, located downstream of Lake Clark (Figure 3-10).

3.4 Quantity and Diversity of Aquatic Habitats

Differences in hydrology, geology, and climate across the Bristol Bay watershed interact to create the
region’s diverse hydrologic landscapes (Table 3-2, Figure 3-1) and ultimately shape the quantity, quality,
diversity, and distribution of aquatic habitats throughout the watershed. These diverse habitats, in
conjunction with the enhanced ecosystem productivity associated with anadromous salmon runs,
support a high level of biological complexity that contributes to the environmental integrity and
resilience of the watershed’s ecosystems (Schindler et al. 2010, Ruff et al. 2011, Lisi et al. 2013).

In general, conditions in the Bristol Bay watershed are highly favorable for Pacific salmon. The
Nushagak and Kvichak River watersheds encompass an abundant and diverse array of aquatic habitats
and support a diverse salmonid assemblage (Section 5.2). Freshwater habitats range from headwater
streams to braided rivers, small ponds to large lakes, side channels to off-channel alcoves. These
watersheds contain over 54,000 km of streams, 14% of which have been documented as anadromous
fish streams (Johnson and Blanche 2012). This percentage is likely a significant underestimate of the

actual extent of anadromous waters across the watersheds (Box 7-1, Appendix A).
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Figure 3-10. Mean monthly runoff for selected streams and rivers in the Nushagak and Kvichak
River watersheds. USGS gages and dates used to generate each line: A. Nushagak River watershed:
Nushagak River (15302500, Oct 1977-Sep 1993); Nuyakuk River (15302000, Jun 1953-Sep 2010);
North Fork (NF) Koktuli River (15302250, Sep 2004-Sep 2010); South Fork (SF) Koktuli River

(15302200, Sep 2004-Sep 2010). B. Kvichak River watershed: Kvichak River (15300500, Aug
1967-Sep 1987); Kaskanak Creek (15300520, Jun 2008-Sep 2011); lliamna River (15300300, Jun

1996-Sep 2010); Upper Talarik Creek (15300250, Sep 2004-Sep 2010); Newhalen River
(15300000, Jul 1951-Sep 1986).
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Lakes and associated tributary and outlet streams are key spawning and rearing areas for sockeye
salmon. Lakes cover relatively high percentages of watershed area in the Bristol Bay region: 7.9% for the
entire Bristol Bay watershed area and 13.7% for the Kvichak River watershed (RAP 2011). In other
North Pacific river systems supporting sockeye salmon populations, from northern Russia to western
North America, these values tend to be much lower (e.g., 0.2 to 2.9%) (RAP 2011). Relatively low
watershed elevations (especially in the extensive Nushagak-Bristol Bay Lowland physiographic
division) and the absence of artificial barriers to migration (e.g., dams and roads) mean that not only are
streams, lakes, and other aquatic habitats abundant in the Bristol Bay region, but they also tend to be
accessible to anadromous salmonids. With very few exceptions, all major lakes in the watershed are
accessible to anadromous salmon (Appendix A). Lakes and ponds also play a key role in groundwater
dynamics and flow stability (Section 3.3).

Overall physical habitat complexity in the Bristol Bay watershed is higher than in many other systems
supporting sockeye salmon populations. Of 1,509 North Pacific Rim watersheds, the Kvichak, Wood, and
Nushagak (exclusive of Wood) Rivers ranked third, fourth, and forty-fourth, respectively, in physical
habitat complexity, based on an index that included variables such as lake coverage, stream junction
density, floodplain elevation and density, and human footprint (Luck et al. 2010, RAP 2011).

3.4.1 Stream Reach Characterization: Attributes

To characterize the stream and river habitats in the Nushagak and Kvichak River watersheds, we
described stream and river valley attributes for each of the 52,277 stream and river reaches (54,427
km) in the Nushagak and Kvichak River watersheds documented in the National Hydrography Dataset
(NHD) (USGS 2012). We excluded another 27,186 reaches (7,936 km) for which we could not identify
reach-specific drainage areas from the analysis. For each reach, we estimated the mean annual
streamflow (m3/s), mean channel gradient (%), and percent of flatland in the contributing watershed
lowland (% flat); each attribute is described in detail in the following sections. These attributes were
selected because they represent fundamental aspects of the physical and geomorphic settings in
streams, providing context for stream and river habitat development and subsequent fish habitat
suitability (Burnett et al. 2007). It also was feasible to obtain these attributes for the entire area given
available data. These attributes have been used to model habitat suitability for salmon at large scales, for
example via intrinsic potential modeling (Burnett et al. 2007, Shallin Busch et al. 2011). We did not
develop intrinsic potential models for salmon species in this assessment, as that effort would require
multiple years of field data collection for model validation and testing and those data are not currently
available. However, our characterization results do provide insights into the distribution of broad-scale
habitat conditions within the watersheds, and could provide the basis for future intrinsic potential

model development.

3.4.1.14 Channel Gradient

Channel gradient broadly characterizes channel steepness and geomorphic form. Channel gradient and
associated aspects of channel morphology influence channel capacity to transport sediment, affecting

channel response to disturbance (Montgomery and Buffington 1997). Channel morphology can strongly
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influence suitability for salmon rearing and spawning. Specific substrate and hydraulic requirements
vary slightly by species (Appendix A), but stream-spawning salmon generally require relatively clean
gravel-sized substrates with interstitial flow, and sufficient bed stability to allow eggs to incubate in

place for months prior to fry emergence (Quinn 2005).

Montgomery and Buffington (1997) proposed a process-based classification of mountain streams. Field
data from their study indicated that gradients estimated by digital elevation models (DEMs) provide a
useful predictor of channel morphology. We estimated the channel gradient of each stream reach in the
Nushagak and Kvichak River watersheds by assessing the gradient of correlated flowpaths across a
30-m-cell National Elevation Dataset DEM (Gesch et al. 2002, Gesch 2007, USGS 2013) (Box 3-1). We
adapted the classification scheme put forth by Montgomery and Buffington (1997) to define four
gradient classes and predicted channel morphologies for stream reaches at different watershed scales.

e Less than 1%, dune-ripple or pool-riffle morphology.
o Atleast 1% and less than 3%, plane-bed morphology.
o Atleast 3% and less than 8%, step-pool morphology.

e Atleast 8%, cascade morphology.

The substrate and hydraulic conditions required by stream-spawning salmon are most frequently met in
stream channels with gradients less than 3% (Montgomery et al. 1999). At the lowest gradients, the
channel’s capacity to transport fine sediments will be low and substrates may be dominated by sands
and other fines, providing suboptimal salmon spawning habitat. A notable exception to this generality
occurs in low-gradient, off-channel habitats and ponds that may be dominated by fine sediments but
that contain areas of upwelling. These areas are used by riverine-spawning (Eiler et al. 1992) and pond-
spawning (Quinn et al. 2012) sockeye salmon. At gradients above 3%, channels develop step-pool or
cascade morphologies and the size, stability, and frequency of pockets of suitable spawning substrates
decrease substantially (Montgomery and Buffington 1997). In the Bristol Bay region, gradients of
productive stream reaches for salmon are typically less than 3%, with gradients less than 1%
characterizing the most productive reaches; these habitats include lake outlets and lower tributary
reaches, and most of the major spawning reaches and tributaries of the Nushagak and Kvichak River
watersheds (Figures 3-11 and 3-12) (Demory et al. 1964). We note, however, that low-gradient
watersheds in the coastal plain region of the Nushagak-Bristol Bay Lowland that lack upland
headwaters are generally not productive salmon habitats. These streams tend to have lower dissolved
oxygen levels, be characterized by fine-textured substrates with high proportions of organic material,
and may lack substrates coarser than sand, presumably due to lack of higher-gradient source areas for

gravel recruitment (ADF&G 2012, Wiedmer pers. comm.).

Environmental conditions determining suitability for juvenile salmon and adult resident salmonids
(e.g., resident Dolly Varden; Box 2-3) are also influenced by gradient. Fish movement can be restricted
by the high water velocities and frequent drops found in streams with gradients exceeding 12%,

although Dolly Varden have been found at gradients exceeding 15% in southeast Alaska streams
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(Wissmar et al. 2010). Gradient and channel roughness also influence the distribution of water velocities
and hydraulic conditions in streams, influencing food delivery rates and availability and subsequent
energetic demands of drift feeding fish (Hughes and Dill 1990).

BOX 3-1. METHODS FOR CHARACTERIZING CHANNEL GRADIENT

The valley gradient of each stream reach in the Nushagak and Kvichak River watersheds was estimated by
assessing the gradient of correlated flowpaths along across a 30-m cell National Elevation Dataset digital
elevation model (DEM) (Gesch et al. 2002, Gesch 2007, USGS 2013). We found the measured gradient of
the National Hydrography Dataset (NHD) flowlines (based on the elevation of the underlying DEM) was not an
accurate representation of channel gradient because of inconsistencies between the mapped streams and
rivers in the NHD and the topography described by the DEM. Channel traces in the NHD did not reliably follow
the valley floor, and upslope traces and misalighment with the DEM resulted in inaccurate measures of
stream gradients and sampled elevations.

We determined that the gradient of streams in a drainage network described by a flow analysis across the
DEM would more accurately represent channel morphology given the data available. The drainage network of
the DEM paralleled the network of NHD flowlines, but included or excluded some small tributaries and lacked
the sinuosity mapped in the NHD.

Gradients of flowlines across the DEM were determined using the hydrology tools of the Spatial Analyst
extension of ArcGIS. First, the hydraulic network was generated based on the topography of the NHD DEM.
Generation of the hydraulic network involved the following tools:

e Fill. Sinks in the DEM were filled so that continuous flowpaths could be described.
o Flow direction. The steepest path or flow direction was determined from each cell in the DEM.

¢ Flow accumulation. Based on the direction of flow, the total number of cells, or receiving area for each
cell in the DEM, was determined.

o Reclassify. A threshold value of 0.25 km2 was applied to the total receiving area output from the previous
step to distinguish streams from non-streams.

e Stream link. The resulting network was processed to assign unique identifiers to each link in the drainage
network.

To determine the gradient of each stream link in the drainage network, and to generate geometry that could
assign these values to the reaches of the NHD flowlines, the following tools were used:

o Extract by mask. Elevation values underlying the drainage network were isolated from the DEM so that
cross-valley slopes would not be measured when determining gradient.

o Slope. Gradient along the drainage network was measured between each cell of the isolated drainage
network DEM. The drainage DEM confined the slope measures to the flowpath of the drainage network,
providing an estimate of stream gradient at each 30-m cell.

o Watershed. The output of the Stream Link tool (see above) and the results of the flow direction analysis
were used to delineate the drainage basin for each stream link. This geometry was then used to transfer
gradient values to the NHD stream reaches.

e Zonal statistics. In the drainage basin for each stream segment, the average gradient was determined for
all cells with values (i.e., a mean gradient of the stream segment). Mean gradient values were then
assigned to the drainage basin geometry.

e Zonal statistics as table. The mean gradient for each drainage basin was used to calculate the channel
gradient for each NHD flowline. This tool measured the length-weighted mean of the gradients for each
reach (as defined by the NHD Reach Code attribute) from the means calculated for each drainage basin.
Typically, the NHD flowlines occupied no more than two drainage basins. The resulting gradient estimates
were appended to the table of NHD flowlines.
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Figure 3-11. Examples of different stream size and gradient classes in the Nushagak and Kvichak
River watersheds.
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Figure 3-12. Channel gradient classes in the Nushagak and Kvichak River watersheds. Valley
gradient was assessed by measuring drainage channel slope across the watersheds’ landscapes (Box
3-1).
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3.4.1.2 Mean Annual Streamflow

Mean annual streamflow is a metric of stream size, an important determinant of available habitat space
(capacity) for stream fishes. The relationship between mean annual streamflow and habitat capacity for
rearing juvenile salmon can vary with streamflow regime and other limiting factors, but is generally

positive when other factors are not constraining.

Mean annual streamflow for each stream reach within the Nushagak and Kvichak River watersheds was
estimated using regression equations for the prediction of mean annual streamflow, based on drainage
area and historical mean annual precipitation in southwestern Alaska (Parks and Madison 1985) (Box

3-2). We defined four classes of stream size based on these mean annual streamflow calculations.

e Small headwater streams (less than 0.15 m3/s), including many of the tributaries of the South and
North Fork Koktuli Rivers and Upper Talarik Creek.

e Medium streams (0.15 to 2.8 m3/s), including the upper reaches and larger tributaries of the South
and North Fork Koktuli Rivers and Upper Talarik Creek.

e Small rivers (2.8 to 28 m3/s), including the middle to lower portions of South and North Fork

Koktuli Rivers, and Upper Talarik Creek, and the mainstem Koktuli River.

e Large rivers (greater than 28 m3/s), including the Mulchatna River below the confluence with the

Koktuli River, the Newhalen River, and other larger rivers.

All five species of Pacific salmon present in the Bristol Bay region use portions of large and small rivers
and medium streams for migration, spawning, and/or rearing habitat. Research in the Wood River
system suggests that larger stream sizes allow multiple salmon species to coexist, perhaps due to habitat
partitioning made possible by increased space and habitat diversity (Pess et al. 2013). Salmon also use
small streams in the Bristol Bay region for spawning and rearing, but use of these habitats may be
constrained by shallow depths, insufficient streamflow to allow passage, the unavailability of open

water in winter, or other limitations related to stream size.

Salmonid species differ in their propensities for small streams. Dolly Varden have been documented
using all stream sizes, including some of the smallest channels. Of the Pacific salmon species, coho
salmon are most likely to use small streams for spawning and rearing, and have been observed in many
of the smaller streams near the Pebble and other deposits. Larger-bodied Chinook salmon adults are less
likely to access smaller streams for spawning (Quinn 2005). However, juvenile Chinook salmon are

observed in small tributaries where spawning has not been documented.
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BOX 3-2. METHODS FOR CHARACTERIZING MEAN ANNUAL STREAMFLOW

Mean annual streamflow for each stream reach in the Nushagak and Kvichak River watersheds was
estimated using regression equations, based on drainage area and historical mean annual precipitation
data in southwestern Alaska (Parks and Madison 1985). Total drainage area was determined for reaches
along the National Hydrography Dataset (NHD) flowlines by developing a drainage-corrected digital elevation
model (DEM) based on the National Elevation Dataset (NED). Although the underlying topography and
catchments described by the NED remained the same, the elevations underlying the NHD flowlines and in
their immediate vicinity were lowered and smoothed such that runoff conformed to the geometry of the NHD
flowlines.

Using the drainage-corrected DEM, we estimated total catchment area above any location in the drainage
network. The NED DEM was corrected to better conform to the NHD flowlines and drainage areas were
calculated using the following tools of the ArcHydro and Spatial Analyst tools of the ArcGIS suite:

e DEM reconditioning. The elevations of the DEM were altered along the NHD flowlines and in their
immediate vicinity. Parameters used for this tool were a 10-m reduction of elevations along the flowline, a
5-cell (150-m)-wide transition zone on either side of the flowline, and a post-process 1-km reduction in
elevations along the flowlines. The initial elevation reduction and transition width were found to
adequately capture flows and maintain those flows within the channel geometry. The post-processing
adjustment is a more arbitrary value intended to confine flows to the channels once captured.

e Fill. Sinks in the reconditioned DEM were filled so that continuous flowpaths could be described.
¢ Flow direction. The steepest path or flow direction was determined from each cell in the DEM.

¢ Flow accumulation (drainage area). Based on the direction of flow, the total number of cells, or receiving
area for each cell in the DEM, was determined. These values were multiplied by 0.0009 to convert the
area of each cell (900 m?2) to square kilometers.

e Flow accumulation (accumulated precipitation). Due to variation in precipitation patterns across the
study area, the average accumulated precipitation was calculated by using the flow accumulation tool
with a weight assigned to each cell based on the average annual precipitation data for 1971 to 2001
(SNAP 2012). The result was divided by the total number of cells accumulated at each location on the
grid to determine the average accumulated annual precipitation.

The output drainage area raster and raster coverage of average annual precipitation were used as inputs for
the mean annual streamflow regression equation developed by Parks and Madison (1985) for southwestern
Alaska:

Q = (10-1.38)*(DA0-98)* (P1.13)
where Q is mean annual flow in cubic feet per second, DA is drainage basin area in square miles, and P is
mean annual precipitation in inches per year. We used the median mean annual streamflow value from the
cells within the drainage network that corresponded to each NHD flowline as the estimate of mean annual
streamflow for the stream segment.

3.4.1.3 Proportion of Flatland in Lowland

Stream channels in mountainous and foothill terrain are laterally constrained by their valley walls to
varying degrees. Degree of channel constraint influences channel form, including the development of off-
channel habitats, variability in local channel gradients, and hydraulic conditions during over-bank flows.
Unconstrained channels generally have higher complexity of channel habitat types and hydraulic
conditions and higher frequencies of off-channel habitats such as side channels, sloughs, and beaver
ponds. Such habitat complexity can be beneficial to salmon by providing a diversity of spawning and

rearing habitats throughout the year (Stanford et al. 2005).
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To provide an index of the degree of channel constraint expected within each stream reach, we
estimated the percent of flatland (less than 1% slope) within lowland (area below median elevation) for
each stream reach’s adjacent drainage basin (Box 3-3). Visual inspection of portions of the study area
where high-resolution aerial photographs were available showed that channels were typically
unconstrained when the proportion of flatland in lowland exceeded 5%. This threshold was used to

identify two classes:

e Less than 5% flatland in lowland, indicating reaches are constrained and have limited floodplain

area. These reaches are classified as having low or no floodplain potential.

e (Greater than or equal to 5% flatland in lowland, indicating reaches are unconstrained and have high

likelihood for floodplain development. These reaches are classified as having floodplain potential.

In the Bristol Bay region, streams that are unconstrained and able to develop complex off-channel
habitats are more likely to provide a diversity of channel habitat types and hydraulic conditions,
creating favorable conditions, particularly for salmonid rearing. For Chinook and coho salmon, as well as
river-rearing sockeye salmon that may overwinter in streams, such habitats may be particularly
valuable. The percent flatland in lowland metric is not a perfect index of channel constraint, however.
Channels in flat lowlands such as the coastal Nushagak-Bristol Bay Lowlands physiographic division
(Figure 3-1) may actually be incised into fine-grained sediments with very little off-channel habitat
complexity. In the glacially worked landscapes of the Bristol Bay region, streams may be constrained by
relatively flat valley terraces and moraine deposits that are not distinguishable on the coarse-scale DEM
available for the region. Terraces are a common feature in portions of the region, but the degree to
which terrace constraint influences these results could not be determined from the existing DEM. In
steep, mountainous terrain, narrow valleys may occasionally allow for unconstrained stream channel
development across low-gradient floodplains, but these features are likely not always detected with the

DEM resolution currently employed for this effort.

3.4.2 Stream Reach Characterization: Results

We estimated the three stream-reach attributes discussed above in four geographically defined areas

that vary in scale and location (as described in Section 2.2.2).
e The Nushagak and Kvichak River watersheds (Scale 2).

e The mine scenario watersheds—that is, the South Fork Koktuli River, the North Fork Koktuli River,

and the Upper Talarik Creek watersheds (Scale 3).
e The streams lost to the Pebble 6.5 scenario footprint (Scale 4).

e The subwatersheds of the transportation corridor area (Scale 5).

In this section, we summarize results for the Nushagak and Kvichak River watersheds to broadly
characterize the region. Results for the other three geographic scales are reported later in the

assessment (Sections 7.2.1 and 10.2), where we evaluate potential impacts of large-scale mining.

Bristol Bay Assessment 325 January 2014



Chapter 3 Region

BOX 3-3. METHODS FOR CHARACTERIZING PERCENT FLATLAND IN LOWLAND

The relative degree of channel constraint in the Nushagak and Kvichak River watersheds was estimated by
calculating the percent of flatland (<1% slope) within lowland (area below median elevation) in each stream
reach’s adjacent drainage basin. These calculations included the delineation of drainage basins of the
drainage-corrected drainage network (developed for the mean annual streamflow analysis; see Box 3-2) as
well as elevation and slope analyses of the unaltered digital elevation model (DEM).

To establish the drainage basin geometry of the drainage-corrected flow analysis, the following Spatial
Analyst tools were applied within an ArcGIS workspace.

¢ Reclassify. A threshold value of 0.25 km?2 was applied to the total receiving area output from the
drainage-corrected flow analysis to distinguish streams from non-streams.

o Stream link. The resulting network was processed to assign unique identifiers to each link in the
drainage network.

e Watershed. The output of the Stream Link tool (see above) and the results of the flow direction analysis
were used to delineate the drainage basin for each stream link. This geometry was used as the
geographic extent of analysis for each stream segment.

Areas of flatland and lowland were then identified for each drainage basin. The unaltered National Elevation
Dataset DEM was processed with the following Spatial Analyst tools from ArcGIS.

e Slope. The original (not drainage-corrected) DEM was analyzed to determine slope (%) across the extent
of the Nushagak and Kvichak River watersheds.

o Reclassify. A threshold value of 1% was applied to the slope analysis, and attributes were assigned
across the study area as meeting or not meeting the flatland criteria.

e Zonal statistics. In the drainage basin for each stream segment, the minimum and maximum elevations
were determined using the Zonal Statistics tool. These values were used to identify the median elevation
for each watershed.

¢ Reclassify. The DEM was classified as meeting or not meeting the lowland criteria based on results of the
previous step.

Finally, the percent flatland in lowland for each stream reach’s drainage basin was calculated using the
following steps.

o Times. Areas of flatland outside of lowland areas were eliminated by multiplying the flatland and lowland
rasters. The flatland and lowland rasters used 1 and O values for true and false, respectively, so both
conditions were required to return a positive result for flatland in lowland.

e Zonal statistics. The total areas of lowland and flatland within lowland were calculated for each drainage
basin.

o Divide. The percent flatland in lowland was determined for each drainage basin by dividing the area of
flatland in lowland by the area of lowland in each drainage basin.

e Zonal statistics as table. The average value of percent flatland in lowland for each stream reach was
calculated and added to a table, which was then appended to the National Hydrography Dataset (NHD)
flowline data table. Although the mean statistic was used to ascertain these values for the NHD flowlines,
the flowlines typically had a one-to-one correlation with drainage basins, as the basins were based on the
drainage-corrected flow analysis.

We characterized 54,427 km of streams and 52,277 stream and river reaches in the Nushagak and
Kvichak River watersheds. Reach attributes reflected the hydrologic landscapes in which the reaches
occurred and upstream within each reach’s drainage (Section 3.2). Relatively low-gradient stream
channels extend far up into the headwaters of the upper Mulchatna and Nushagak River watersheds
(Figure 3-12), allowing salmon to access headwater streams. High-gradient conditions are primarily

found in the headwaters of Lake Clark and Iliamna Lake tributaries and the headwaters of the Alagnak,
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Wood, Kokwok, and Nuyakuk Rivers (Figure 3-12). Valley flatland is heavily concentrated in the
Nushagak-Bristol Bay Lowlands physiographic division and along the larger rivers, but includes
significant wider-valley reaches in the Nushagak-Big River Hills, Southern Alaska Range, and Aleutian

Range divisions (Figure 3-13).

The majority of stream channel length (75%) in the Nushagak and Kvichak River watersheds is
composed of low-gradient (less than 3%), medium and small (less than 2.8 m3/s mean annual
streamflow) streams (Table 3-3, Figures 3-12 and 3-14). The extent of flatland in valley lowlands is
strongly associated with gradient. For streams with less than 1% gradient, 55% have high floodplain
potential (i.e., greater than or equal to 5% flatland in lowland). In contrast, less than 5% of streams with
gradients greater than 1% have high floodplain potential. Stream reaches with greater than 3% gradient
were only found in landscapes where floodplain potential was low (i.e., less than or equal to 5% flatland
in lowland). Overall, these results reveal the high proportion of stream channels in these watersheds
that possess the broad geomorphic and hydrologic characteristics enabling the development of stream

and river habitats highly suitable for fishes such as Pacific salmon, Dolly Varden, and rainbow trout.

3.5 Water Quality
3.5.1 Water Chemistry

Water quality of streams near the Pebble deposit has been characterized extensively (PLP 2011,
Zamzow 2011). The streams draining the watersheds in the Pebble deposit area (Figure 2-5) are neutral
to slightly acidic, with low conductivity, hardness, dissolved solids, suspended solids, and dissolved
organic carbon (see Section 8.2.1.1 for more detailed discussion of water chemistry in streams draining
the mine scenario watersheds). In those respects, they are characteristic of undisturbed streams.
However, as would be expected for a metalliferous site, levels of sulfate and some metals (copper,
molybdenum, nickel, and zinc) are elevated, particularly in the South Fork Koktuli River. PLP (2011)
found that copper levels in some samples from the South Fork Koktuli River exceeded Alaska’s chronic
water quality standard. However, most of the exceedances were in or close to the deposit and the
number and magnitude of exceedances decreased with distance downstream (PLP 2011: Figure 9.1-35,
60, 61, 65, and 66).
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Figure 3-13. Likelihood of floodplain potential, as measured by the percent flatland in lowland
areas, for the Nushagak and Kvichak River watersheds. Flatland refers to land with less than 1%

slope; lowland areas are defined as areas below the midpoint elevation within the drainage basin of
each stream reach (Box 3-3).
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Figure 3-14. Stream size classes in the Nushagak and Kvichak River watersheds as determined by
mean annual streamflow. Mean annual streamflow for streams and rivers was estimated using
drainage area and mean annual precipitation (Box 3-2).
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Table 3-3. Proportion of stream channel length within the Nushagak and Kvichak River watersheds
classified according to stream size (based on mean annual streamflow in m3/s), channel gradient

(%), and floodplain potential (based on % flatland in lowland). Gray shading indicates proportions
greater than 5%; bold indicates proportions greater than 10%.

Gradient
<1% 21% and <3% 23% and <8% 28%
Stream Size FP NFP FP NFP FP NFP FP NFP
Small headwater streamsa 27% 5% 3% 13% 0% 8% 0% 3%
Medium streamsP 20% 3% 1% 3% 0% 2% 0% 1%
Small riverse 6% 1% 0% 0% 0% 0% 0% 0%
Large riversd 2% 0% 0% 0% 0% 0% 0% 0%

Notes:

a 0-0.15 m3/s; most tributaries in the mine footprints.

b 0.15-2.8 m3/s; upper reaches and larger tributaries of the South Fork Koktuli, North Fork Koktuli, and Upper Talarik Creek.

¢ 2.8-28 m3/s; mid to lower portions of the South Fork Koktuli, North Fork Koktuli, and Upper Talarik Creek, including the mainstem Koktuli
River.

d  >28 m3/s; the Mulchatna River below the Koktuli confluence, the Newhalen River, and other large rivers.

FP = high floodplain potential (=5% flatland in lowland); NFP = no or low floodplain potential (<5% flatland in lowland).

3.5.2 Water Temperature

Water temperature data (PLP 2011: Appendix 15.1E, Attachment 1) indicate significant spatial
variability in thermal regimes. Average monthly stream water temperatures in the Pebble deposit area
in July or August can range from 6°C to 16°C. Longitudinal profiles of temperature indicate that stream
temperatures in the Pebble deposit area do not uniformly increase with decreasing elevation (PLP
2011). This is often due to substantial inputs of cooler water from tributaries or groundwater (PLP
2011). Extensive glacially reworked deposits with high hydraulic conductivity allow for extensive
connectivity between groundwater and surface waters in the region (Power et al. 1999). This
groundwater-surface water connectivity has a strong influence on the hydrologic and thermal regimes
of streams in the Nushagak and Kvichak River watersheds, and provides a moderating influence against
both summer heat and winter cold extremes in stream reaches where this influence is sufficiently
strong. The range of spatial variability in temperatures in the Pebble deposit area (PLP 2011) is
consistent with streams influenced by a variety of thermal modifiers, including upstream lakes,

groundwater, or tributary contributions (Mellina et al. 2002, Armstrong et al. 2010).

3.6 Seismicity

The Alaska Earthquake Information Center and U.S. Geological Survey (USGS) collect data on
earthquakes occurring in Alaska at seismological monitoring stations throughout the state. Earthquakes
in Alaska range from minor events detected only by sensitive instruments, to the largest earthquake
ever recorded in North America (the 1964 Good Friday earthquake near Anchorage, magnitude 9.2)
(Table 3-4, Figure 3-15).
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Table 3-4. Examples of earthquakes in Alaska.

Distance and Direction from the Pebble
Date Depth (km) Magnitudea Deposit
March 28, 1964 25 9.2 469 km east-northeast
November 3, 2002 4.2 7.2 593 km northeast
September 25, 1985 184 4.9 61 km southeast
July 13, 2007 6.2 4.3 30 km west-southwest
March 25, 2012 12 3.0 122 km east
Notes:
a Local magnitude as reported by the Alaska Earthquake Information Center. Note that earthquakes in the range of magnitudes 1.5 to 3.6
occur regularly in the Lake Clark area (data not shown). These earthquakes are centered at a depth of 100 km or greater.

Southwestern Alaska experiences a large number of earthquakes related to the presence of four active
moving blocks of crust associated with large fault systems. These faults are, from north to south, the
Tintina-Kaltag Fault, the Iditarod-Nixon Fork Fault, the Denali-Farewell Fault, the Lake Clark-Castle
Mountain Fault system, the Bruin Bay Fault, and the Border Ranges Fault (Figure 3-15). Some sections
along these faults are seismically active and have generated earthquakes in the past. The size of an
earthquake is directly related to the area of the fault that ruptures; thus, longer faults are capable of
producing larger earthquakes. The damage caused by an earthquake is related to the size of and distance
from the earthquake. The effects of an earthquake diminish with distance, so more damage occurs at the

epicenter than at a point several kilometers away.

The Lake Clark-Castle Mountain Fault system, with a mapped length of 225 km, is the fault located
nearest to the Pebble deposit. The northeast-southwest trending Lake Clark Fault is the western
extension of the Castle Mountain Fault (Koehler and Reger 2011). The western terminus of the Lake
Clark Fault has not been identified, but was originally interpreted to be near the western edge of Lake
Clark. Recent studies by USGS reinterpreted the position of the Lake Clark Fault further to the
northwest, potentially bringing it as close as 16 km to the Pebble deposit (Haeussler and Saltus 2004).
Haeussler and Saltus (2004) acknowledge that the fault could extend closer than 16 km, but data are not
available to support this interpretation.

There are few residents and no long-term seismic monitoring station records in the area of the Pebble
deposit, which make it difficult to assess accurately the recent seismic history of the area. As a result, the
paleoseismic history of the western part of the Lake Clark Fault is unknown (Koehler and Reger 2011).
USGS has concluded that there is no evidence for fault activity or seismic hazard associated with the
Lake Clark Fault in the past 1.8 million years, and no evidence of movement along the fault northeast of
the Pebble deposit since the last glaciations 11,000 to 12,000 years ago (Haeussler and Waythomas
2011).
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Figure 3-15. Seismic activity in southwestern Alaska. Location and magnitude of significant, historic
earthquakes (USGS 2010) that caused deaths, property damage, and geological effects or were

otherwise experienced are shown. Fault lines are based on Haeussler and Saltus (2004), including
the preferred drawing of the Lake Clark Fault (dashed purple line).
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The 1980 USGS map of the structural geology of the Iliamna Lake quadrangle shows several mapped
faults in the Tertiary-age volcanic rocks that host the area’s mineral deposits. Geologic mapping
conducted by consulting firms for PLP identified numerous faults in the Pebble deposit area. The
mapped faults shown in both these sources are all considerably shorter than the Lake Clark Fault, and
therefore by themselves have a very limited capability to produce damaging earthquakes. The largest
mapped fault in the Pebble deposit area is an unnamed northwest-trending fault approximately 13 km
southwest of the deposit, approximately 16 km in length. There are several short (less than 4 km) faults
mapped within and near the mine scenario watersheds (the Z-series faults), about half of which have
northeast-southwest orientations. The faults show vertical displacement ranging from tens of meters to
over 900 m, and are interpreted to have formed coincident with mineralization (Ghaffari et al. 2011).
Although there is no evidence that the Lake Clark Fault extends closer than 16 km to the Pebble
depositor that there is a continuous link between the Lake Clark Fault and the northeast-trending faults
at the mine site, mapping the extent of subsurface faults over long, remote distances is difficult and has a

high level of uncertainty.

Not all earthquakes occur along the mapped sections of faults. In some instances, stresses build up and
cause earthquakes in rock outside of known pre-existing faults. Earthquakes can occur on previously
unidentified, minor, or otherwise inactive faults, or along deeper faults that are not exposed at the
surface. Although these floating earthquakes are generally smaller and less frequent than those
associated with faults, they may occur at locations closer to critical structures than the nearest mapped
capable fault. Small earthquakes can be induced when reservoirs or impoundments are constructed
(Kisslinger 1976), altering the soil and rock stresses and increasing pore pressure along pre-existing
zones of weakness. Induced earthquakes are generally small, but can occur frequently and cause

landslides and structural damage to earthen structures.

Interpreting seismicity in the Bristol Bay area is difficult because of the remoteness of the area, its
complex bedrock geology overlain by multiple episodes of glacial activity, and the lack of historical
records on seismicity. Thus, there is a high degree of uncertainty in determining the location and extent
of faults, their capability to produce earthquakes, whether these or other geologic features have been
the source of past earthquakes, and whether they have a realistic potential for producing future
earthquakes. Large earthquakes have return periods of hundreds to thousands of years, so there may be

no recorded or anecdotal evidence of the largest earthquakes on which to base future predictions.

3.7 Existing Development

Unlike most other areas supporting Pacific salmon populations, the Bristol Bay watershed is
undisturbed by significant human development. It is located in one of the last remaining virtually
roadless areas in the United States (Section 6.1.3.1). Large-scale, human-caused modification of the
landscape—a factor contributing to extinction risk for many native salmonid populations (Nehlsen et al.

1991)—is absent, and development in the watershed consists of only a small number of towns, villages,
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and roads. The Bristol Bay watershed also encompasses Iliamna Lake, the largest undeveloped lake in
the United States.

The primary human manipulation of the Bristol Bay ecosystem is the marine harvest of approximately
70% of salmon returning to spawn. However, commercial salmon harvests are the Alaska Department of
Fish and Game’s (ADF&G’s) second priority for fish management; its first priority is to ensure that
sufficient fish migrate into rivers to maintain a sustainable fishery, and thus sustainable salmon-based
ecosystems. No hatchery fish are reared or released in the Bristol Bay watershed, whereas
approximately 5 billion hatchery-reared juvenile salmon are released annually across the North Pacific
(Irvine et al. 2009). Given the potential for hatchery fish to have negative effects on wild fish (e.g., Araki
et al. 2009, Rand et al. 2012), this lack of hatchery fish is notable.

3.8 Climate Change

Thus far, this chapter has focused on the current physical environment in the Bristol Bay watershed. In
the future, over time scales at which large-scale mining will potentially affect these watersheds, this
physical environment is likely to change substantially—particularly in terms of climate and, by
extension, hydrology. Over the past 60 years, much of Alaska has been warming at twice the average
rate of the United States and many parts of the world (ACIA 2004). Throughout Alaska, changes such as
warmer temperatures, melting glaciers, declining sea ice, and declining permafrost have already
occurred (Serreze et al. 2000, Stafford et al. 2000, ACIA 2004, Hinzman et al. 2005, Liston and Hiemstra
2011, Markon et al. 2012). However, there is limited evidence over the last decade that suggests air
temperature in much of Alaska has cooled, due to changes in the Pacific Decadal Oscillation and
weakening of the Aleutian low (Wendler et al. 2012). Climate models suggest that warming throughout
Alaska is projected to continue, and it is likely to lead to changes in the type and timing of precipitation,
decreased snowpack and earlier spring snowmelt, and subsequent changes in hydrology similar to

projections in Arctic regions (Hinzman et al. 2005).

Using methods detailed in Box 3-4, we used the multi-model average A2 emissions scenario developed
by SNAP (2012) to generate 30-year means for future temperature and precipitation patterns in the
Bristol Bay region. We focused on characterizing possible climate change impacts using the A2

emissions scenario 30-year mean for the end of this century (2071-2100) as an upper bound estimate of
climate change effects expected for this region with current modeling. Similar trends in temperature and
precipitation, but with smaller magnitudes, are shown for effects earlier in the century or with more

benign emission scenarios.
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BOX 3-4. METHODS FOR CLIMATE CHANGE PROJECTIONS

To project temperature and precipitation changes over the next century, we used data from the Scenarios
Network for Alaska and Arctic Planning (SNAP). A full description of the SNAP data and methodology used is
available on the SNAP website (SNAP 2012).

From the SNAP dataset, we used downscaled values of monthly mean temperature and precipitation. The
historical dataset is derived from the Climate Research Unit (CRU) at the University of East Anglia for 1901
to 2009 (CRU 2012). The CRU data are downscaled using the Parameter-elevation Regressions on
Independent Slopes Model (PRISM) 1971 to 2000 monthly climatologies for Alaska (PRISM Climate Group
2012), which take into account elevation, slope, and aspect. SNAP then developed downscaled monthly
projections of temperature and climate for Alaska under three emissions scenarios developed by the
Intergovernmental Panel on Climate Change for the Coupled Model Intercomparison Project. SNAP uses five
global climate models (GCMs) [cccma_cgecm31, mpi-echamb, gfdl_cm241, ukmo_hadcm3, and
miroc3_2_medres] that best characterize the Arctic region up to the year 2100 (Walsh et al. 2008). These
emissions scenarios are:

e the B1 scenario, which represents a best-case emissions scenario;
e the A1B scenario, which represents a middle-of-the-road emissions scenario; and
e the A2 scenario, which represents a worst-case emissions scenario.

For this assessment, we use the SNAP 5-model average for the A2 scenario of the best-performing GCMs to
consider a worst-case climate change scenario for the Bristol Bay region. Although uncertainty is inherent in
climate modeling due to many factors, the SNAP 5-model average tends to perform better than any single
model under the A2 scenario. Using the SNAP model, we calculated 30-year normal values, or average
values over a 30-year period, for temperature and precipitation over 1971 to 2000 (historical) and over
2011 to 2040, 2041 to 2070, and 2071 to 2100 under the three emissions scenarios. We focused on the
A2 scenario for the years 2071 to 2099 (the year 2100 is not included because one of the GCMs used in
the average did not include that year). Using the SNAP data, we calculated changes in temperature and
precipitation at three scales: the Bristol Bay watershed (Figure 2-3), the Nushagak and Kvichak River
watersheds (Figure 2-4), and the mine scenario watersheds (Figure 2-5). We also calculated annual
potential evapotranspiration (PET) (Hamon 1961) and annual water surplus (annual precipitation minus
PET) for the Bristol Bay watershed and the Nushagak and Kvichak River watersheds.

Data for the appropriate watersheds were extracted from the SNAP dataset, which covers the entire state of
Alaska. The resolution of the SNAP dataset is a 771-m grid. Any grid pixel intersecting a watershed boundary
was included, even if the intersection was minimal, to account for the full range of possible temperature and
precipitation values across the watersheds. In all cases, the values reported in the assessment represent
the geographic spatial average across the entire watershed over an average of 30 years. Precipitation and
temperature differences between the two periods were calculated as the geographic spatial average across
the entire watershed of the raster representing the A2 scenario (2071 to 2099), minus the present period.
Precipitation percent differences were calculated as the geographic spatial average across the entire
watershed of the raster representing the difference between the A2 scenario (2071 to 2099) and the
present period, divided by the present period and multiplied by 100.

Water surpluses under historical and future periods were calculated for each calendar month and summed
to arrive at annual values. Differences between periods were calculated by subtracting the present value
from the A2 scenario (2071 to 2099) value. It is important to remember that surplus measurements were
calculated at the annual level and do not represent monthly or seasonal differences across a single scenario
or between multiple scenarios.

Uncertainty is an inherent issue when dealing with projected temperature, precipitation, and water surplus
values because of local variability and uncertainty in GCMs. Using average values for the five best-
performing GCMs for the Arctic and calculating mean values over 30-year periods helps to reduce
uncertainty; however, this averaging also decreases precision in predicting extreme events.
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By the end of the century, based on SNAP (2012) data for the A2 emissions scenario, the multi-model
average annual air temperature in the Bristol Bay region is projected to increase by approximately 4°C,
with an approximately 6°C increase occurring in the winter months. Increases in air temperature are
likely to affect the accumulation and melt of snowpack, the extent of lake ice, and the timing of spring ice
break up, and result in increased water temperatures. Research from adjacent regions provides some
basis for estimating water temperature changes that may result from climate change. Kyle and Brabets
(2001) estimated that air temperature increases of 7.2°C to 8.5°C projected for Cook Inlet watersheds by
2100 would be associated with water temperature increases of 1.2°C to 7.1°C. It is important to note
that although air temperature can be a useful metric for modeling water temperature, other factors (e.g.,
quantity, type, and seasonality of precipitation, snow and glacier cover) can also be critical water
temperature drivers (Webb and Nobilis 1997, Mohseni and Stefan 1999).

Although we are unable to predict a change in extreme events, changes in precipitation patterns are
likely to occur (Salathé 2006, Christensen et al. 2007, Peacock 2012, Markon et al. 2012), with rain-on-
snow events becoming more common. The effect of increased rain-on-snow events on the frequency or
volume of floods is unclear. Storm patterns also may change, although the increased likelihood of
extreme events occurring and potential impacts on flooding are unknown. Changes in the seasonality of
precipitation, snowpack, and the timing of snowmelt will likely affect streamflow regimes and may
result in water availability changes, particularly in terms of decreased water availability in summer.
Based on temperature, precipitation, and evapotranspiration projections, the landscape will likely be
warmer and wetter annually; however, due to method limitations we are not able to determine how

evapotranspiration will affect water availability on the landscape seasonally (Box 3-4).

3.8.1 Climate Change Projections for the Bristol Bay Region

Across the entire Bristol Bay watershed, average temperature is projected to increase by approximately
4°C by the end of the century (Table 3-5, Figure 3-16), and winter temperature is projected to increase
the most (Table 3-5). Similar patterns are projected in the Nushagak and Kvichak River watersheds
(Table 3-5).

By the end of the century, precipitation is projected to increase roughly 30% across the Bristol Bay
watershed, for a total increase of approximately 250 mm annually (Table 3-6, Figure 3-17). In the
Nushagak and Kvichak River watersheds, precipitation is projected to increase roughly 30% as well, for
a total increase of approximately 270 mm of precipitation annually (Table 3-6). At both spatial scales,
increases in precipitation are expected to occur in all four seasons (Table 3-6). Based on
evapotranspiration calculations, annual water surpluses of 144 mm and 165 mm are projected for the
Bristol Bay watershed and the Nushagak and Kvichak River watersheds, respectively (Table 3-7,

Figure 3-18). Our simulated temperature and precipitation changes based on SNAP (2012) data for the
Bristol Bay region are within the range of changes projected by other studies concentrating on Alaska
and the Arctic (Christensen et al. 2007, Peacock 2012, Markon et al. 2012).
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Table 3-5. Average annual and seasonal air temperature for historical and projected periods across
the Bristol Bay watershed and the Nushagak and Kvichak River watersheds. Values were calculated

using the SNAP (2012) dataset (Box 3-4). Temperature was calculated as average values over each
30-year period. Number in parentheses equals one standard deviation.

Historical Temperature Projected Temperature
(1971-2000) (2017-2099) Difference
Scale Season (°C) (°C) (°C)
Bristol Bay Watershed Annual 1(1) 5(1) 4(0.2)
(Scale 1) Winter 8 (2) -2 (2) 6 (1)
Spring 0(1) 4 (1) 4(0.2)
Summer 11(2) 14 (2) 3(0.07)
Fall 1(2) 5(2) 4 (0.3)
Nushagak and Kvichak Annual 1(1) 5(1) 4(0.2)
River Watersheds Winter 9(1) 3(1) 6 (0.4)
(Scale 2) Spring 0(1) 4(1) 3(0.2)
Summer 11 (2) 14 (2) 3(0.05)
Fall 0(2) 5(2) 4 (0.07)

Table 3-6. Average annual and seasonal precipitation for historical and projected periods across
the Bristol Bay watershed and the Nushagak and Kvichak River watersheds. Values were calculated

using the SNAP (2012) dataset (Box 3-4). Precipitation was calculated as average values over each
30-year time period. Number in parentheses equals one standard deviation.

Historical Precipitation Projected Precipitation
(1971-2000) (2017-2099) Difference
Scale Season (mm) (mm) (mm)

Bristol Bay Watershed Annual 847 (421) 1,095 (512) 248 (104)
(Scale 1) Winter 177 (121) 229 (143) 52 (27)
Spring 150 (91) 196 (112) 45 (25)
Summer 234 (97) 303 (117) 69 (25)
Fall 286 (141) 367 (170) 81 (34)

Nushagak and Kvichak Annual 795 (336) 1,062 (430) 267 (95)
River Watersheds Winter 160 (79) 215 (97) 55 (21)
(Scale 2) Spring 138 (67) 189 (90) 51 (23)
Summer 226 (84) 300 (107) 75 (24)
Fall 271 (123) 357 (152) 86 (32)

Table 3-7. Average annual water surplus for historical and projected periods across the Bristol Bay
watershed and the Nushagak and Kvichak River watersheds. Values were calculated using the SNAP

(2012) dataset (Box 3-4). Number in parentheses equals one standard deviation.

Historical Surplus

Projected Surplus

(1971-2000) (2017-2099) Difference
Scale (mm) (mm) (mm)
Bristol Bay Watershed 400 (441) 544 (534) 144 (106)
(Scale 1)
Nushagak and Kvichak River Watershed 341 (359) 506 (456) 165 (99)
(Scale 2)
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Figure 3-16. Mean annual temperature across the Bristol Bay watershed under (A) historical conditions (1971 to 2000) and (B) the A2
emissions scenario (2071 to 2099), and (C) the temperature change between these two climate scenarios (SNAP 2012). See Box 3-4 for

additional details.
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Figure 3-17. Mean annual precipitation across the Bristol Bay watershed under (A) historical conditions (1971 to 2000) and (B) the A2
emissions scenario (2071 to 2099), and (C) the precipitation change between these two climate scenarios (SNAP 2012). See Box 3-4 for

additional details.
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Figure 3-18. Mean annual water surplus (precipitation minus evapotranspiration) across the Bristol Bay watershed under (A) historical
conditions (1971 to 2000) and (B) the A2 emissions scenario (2071 to 2099), and (C) the water surplus change between these two climate

scenarios (SNAP 2012). See Box 3-4 for description of surplus calculations.
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3.8.2 Potential Climate Change Effects

There are likely to be hydrological impacts associated with projected changes in temperature,
precipitation, and evapotranspiration in the Bristol Bay watershed, including changes in the magnitude
and timing of streamflow that are likely to affect salmon habitat and populations. When temperature
increases in freshwater environments, community structure, habitat, and salmon populations can be
affected (Eaton and Scheller 1996, Hauer et al. 1997). With warmer temperatures and changes in the
type, timing, and amount of precipitation, there likely will be changes in snowpack, a shift in the timing
of spring snowmelt, and changes in the type of precipitation falling (Barnett et al. 2005). With these
changes, there will be alterations to both the magnitude and timing of the natural streamflow regime
and a likely decline in seasonal water availability, mirroring already observed changes in other systems
such as the Pacific Northwest (Mote et al. 2003).

These hydrologic flow regime changes may affect salmon populations during spawning and smolt
migrations, and can scour streambeds leading to the loss of salmon eggs (Lisle 1989, Montgomery et al.
1996, Steen and Quinn 1999, Mote et al. 2003, Lawson et al. 2004, Stewart et al. 2004). Changes in
hydrology are likely to affect existing habitat via changes in water volume and velocity along with
channel forms, which may lead to declines in habitat availability for spawning and rearing salmon
populations. Changes to baseflow, depending on groundwater and surface water interactions, are likely
to affect the amount of wetlands in the Bristol Bay watershed, in that wetlands are likely to decrease
under drier baseflow conditions. Although we are unable to predict whether baseflow will increase or
decrease, any changes in baseflow will likely affect water temperature (in addition to the direct effects of

increased air temperature on water temperature).

Both the hydrology and water temperature of freshwater systems affect critical life stages of salmonid
species. Furthermore, these hydrological changes are likely to have different effects on salmon
populations depending on the amount of time they spend rearing in freshwater habitats, their life stage,
and their ability to adapt to changes in environmental conditions. Pink and chum salmon are likely to be
affected by temperature increases early in egg incubation, which can affect timing of emergence,
migration to the ocean, and potential mismatch in the timing of peak food abundance in the marine
environment (Bryant 2009). For example, the average migration time for one population of pink salmon
in southeast Alaska now occurs nearly 2 weeks earlier than it did 40 years ago (Kovach et al. 2012). For
sockeye salmon that typically rear in fresh water for 1 to 2 years, temperature increases may affect life-
stage timing, including spawning and fry emergence, as well as the growth and survival of lake-rearing
fry (Healey 2011, Martins et al. 2012). Across all five Pacific salmon species, time to fry emergence
decreases as water temperature increases (Figure 3-19); thus, warmer winters may result in earlier fry

emergence.
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Figure 3-19. Relationship between time from fertilization to emergence and temperature for the

five Pacific salmon species. Data are from Quinn 2005.
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Changes in precipitation and hydrology also may affect access to lakes and spawning locations, and high-
intensity rainfall may increase sedimentation in spawning streams and rearing lakes for sockeye salmon
(Bryant 2009). Rich et al. (2009) hypothesized that warmer temperature was a factor in poor sockeye
salmon recruitment in the Kvichak River watershed. For Chinook salmon, increases in temperature are
likely to affect incubation and fry emergence (Beer and Anderson 2001), which may affect growth,
survival, and timing of migration to the ocean (Heming et al. 1982, Taylor 1990, Berggren and Filardo
1993). Coho salmon incubation and timing of emergence are also affected by increases in temperature
(Tang et al. 1987).

Populations of Pacific salmon species are likely to respond and adapt to changes in temperature,
precipitation, and hydrology in different ways, and the geographic location of populations is likely to
affect their ability to adapt to these changes. Studies have predicted that the reproductive success of
salmon populations in Washington is likely to decline over the next century (Battin et al. 2007, Mantua
etal. 2010), and freshwater temperature increases in the Fraser River will negatively affect growth and
survival of sockeye salmon at all life stages (Healey 2011). The genetic and life history diversity within
and among the Bristol Bay Pacific salmon populations (Section 5.2.4) will likely be crucial for
maintaining the resiliency of the region’s salmon stocks under a future environment characterized by
climate change and increased anthropogenic stressors (Hilborn et al. 2003, Schindler et al. 2010, Rogers
and Schindler 2011).
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4.1 Mineral Deposits and Mining in the Bristol Bay Watershed

Significant mineral resources are located in Alaska, and the state has a long mining history. Russian
explorers began searching for placer gold in the early 1800s, and substantial placer deposits have been
found in many areas of the state. More recently, hard rock exploration has increased throughout the
region. Alaska mines range in size from small, recreational suction dredging operations to large-scale

commercial operations, for a variety of deposit types (Table 4-1).

Several known mineral deposits with potentially economically significant resources are located in the
Nushagak and Kvichak River watersheds, and active exploration of deposits is occurring in a number of
claim blocks (deposits other than Pebble are considered in greater detail in Chapter 13; see Table 13-1
and Figure 13-1 for the names and locations of these deposits). Of deposit types occurring or likely to
occur in the region, porphyry copper, intrusion-related gold, and copper and iron skarn may indicate
economically viable mining, thereby prompting large-scale development. Thus, the development of a
number of mines, of varying sizes, is plausible in this region—and once the infrastructure for one mine

is available, it would likely facilitate the development of additional mines (Chapter 13).

The potential for large-scale mining development within the Nushagak and Kvichak River watersheds is
greatest for porphyry copper deposits, most notably the Pebble deposit. Significant exploration activity
has been ongoing at this deposit for many years, and the information available provides the most
complete description of potential mining in the region. Because the Pebble deposit is the most likely
deposit to be developed in the near term, this assessment focuses exclusively on porphyry copper
deposits. However, much of the discussion of mining methods (Section 4.2.3) applies to all types of
disseminated ore deposits (i.e., ores with low concentrations of metal spread throughout the body of
rock).
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Mine Kennecott Donlin Fort Knox Greens Creek Kensington Pogo Red Dog Pebble (78-yr)a
Location Copper River 13 miles N of 26 miles NE of 18 miles SW of 45 miles NW of 85 miles ESE of Western Brooks Headwaters of
basin, in village of Fairbanks Juneau, in Juneau, between Fairbanks Range, 82 miles N three streams
Wrangell-St. Crooked Creek Admiralty Island Berners Bay and of Kotzebue and 46 running into the
Elias National and Kuskokwim National Lynn Canal miles from the Nushagak and
Park River Monument Chukchi Sea Kvichak Rivers
Target metals Copper, silver Gold Gold Zinc, lead, silver, | Gold Gold Zinc, lead Copper, gold,
gold molybdenum
Ore type Massive sulfide Gold-bearing Oxide ore body Massive sulfide Gold-bearing Gold-bearing Massive sulfide Porphyry copper
quartz quartz quartz
Ore grade Very high Moderate Low High Moderate Moderate High Low
quality
Operational life 27 (1911-1938) 22 20 35-50 10 11 42 (1989-2031) 78
(years)
Extraction type Underground Open pits (2) Open pit Underground Underground stope | Underground Open pits (2) Open pit
stope mining stope mining mining stope mining
Total resource ~45 491> 401 29 24 9.1 171 5,920
(million metric
tons)
Ore processing ~91 48,524 33,000-45,000 1,524 1,134 2,267 7,500-8,300 208,000
rate (metric
tons/day)
Total waste rock | <0.9 1900 338 ~1.8 1.5 1.7 142 14,600
(million metric
tons)
Tailings disposal | On Kennicott Dams/ponds (2) | Dam/pond Dry tailings Lake disposal Dry tailings Dam/pond Dams/ponds
Glacier (multiple)
Tailings amount <0.9 426 181 ~13.6 4.1 4.9 91 5,860
(million metric
tons)
Tailings footprint | NA 5.4 4.5 0.25 0.24 0.12 3 46
(km?2)
Dam height (m) NA 143 (largest of 111 NA 27° NA 63 2009 (largest of
multiple dams) multiple dams)
Acid mine No Yes No Yes No No Yes Yes
drainage
potential
Notes:

a Ghaffari et al. 2011.

b Novagold 2012.
NA = not applicable.

Source: Levit and Chambers 2012, except as noted.
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4.2 Porphyry Copper Deposits and Mining Processes
4.2.1 Genesis of Porphyry Copper Deposits

Porphyry copper deposits are found around the world, often occurring in clusters (Lipman and Sawyer
1985, Singer et al. 2001, Anderson et al. 2009) in areas with active or ancient volcanism (Figure 4-1).
They are formed when hydrothermal systems are induced by the intrusion of magma into shallow rock
in the Earth’s crust. Water carries dissolved sulfur-metallic minerals (sulfides) into crustal rock where
they precipitate (John et al. 2010). Minerals containing sulfur and metals are disseminated and
precipitate throughout the affected rock zone in concentrations typically less than 1% (Table 4-2)
(Singer et al. 2008). Porphyry copper deposits range in size from millions to billions of tons (Table 4-2).
The well-delineated Pebble deposit is at the upper end of the total size range; thus, any additional
deposits found in the Nushagak and Kvichak River watersheds are likely to be much smaller than the
Pebble deposit.

Table 4-2. Global grade and tonnage summary statistics for porphyry copper deposits.

Parameter 10th Percentile 50th Percentile 90th Percentile Pebble Deposita
Tonnage (Mt) 30 250 1,400 10,777
Copper grade (%) 0.26 0.44 0.73 0.34
Molybdenum grade (%) 0.0 0.004 0.023 0.023
Silver grade (g/t) 0.0 0.0 3.0 unknown
Gold grade (g/t) 0.0 0.0 0.20 0.31

Notes:

a  Pebble deposit information is based on 0.3% copper cut-off grade, and includes measured, indicated, and inferred resources from Pebble
Limited Partnership.

Mt = million tons; g/t = grams per ton.

Sources: Singer et al. 2008; Appendix H.

4.2.2 Chemistry and Associated Risks of Porphyry Copper Deposits

Exposure to hazards associated with mining porphyry copper deposits can pose risks to aquatic and
terrestrial ecosystems and to human health. These risks can range from insignificant to extremely
harmful depending on a variety of factors that control the hazards, including site geology (both local and
regional), hydrologic setting, climate, and mining and ore processing methods. There are a variety of
geochemical models and approaches to understand and predict the water quality of releases to the
environment; however, our ability to make predictions is limited because of data insufficiency and the

inherent complexity of natural materials and their environment.
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Figure 4-1. Porphyry copper deposits around the world. Values are from the database compiled by and described in Singer et al. 2008. Other

mines and mining regions mentioned in the text also are shown on the map.
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Sources of hazards from porphyry copper mines can be grouped into four broad, interrelated categories:
acid-generating potential, trace elements and their mobilities, mining and ore processing methods, and
waste disposal practices. The relative importance of these categories will vary from deposit to deposit,
but some generalization can be made for porphyry copper deposits as a whole. In this section we
consider those categories related to environmental chemistry, acid-generating potential, and trace

elements (categories related to mining processes are described in Section 4.2.3).

Mining processes expose rocks and their associated minerals to atmospheric conditions that cause
weathering, which releases minerals (e.g., copper minerals) from the rock matrix. Grinding methods
used in these processes create materials that have high specific surface areas, which accelerates the rate
of weathering. Porphyry copper deposits are characterized by the presence of sulfide minerals, and
oxidation of sulfide minerals creates acidity, sulfate, and free metal ions (e.g., iron in the case of pyrite);
in addition, the acid produced can further accelerate weathering rates. Because most metals and other
elements become more soluble as pH decreases, the acid-generating or acid-neutralizing potentials of
waste rock, tailings, and mine walls are of prime importance in determining potential environmental

risks associated with exposure to metals and certain elements in the aquatic environment.

One way to predict if acid generation has the potential to occur is to perform acid-base accounting tests.
Acid-base accounting tests are rapid methods to determine the acid-generating potential (AP) and
neutralizing potential (NP) of a rock or mining waste material, independent of reaction rates. These
potentials are then compared to one another by either their differences or their ratios, with the net
neutralizing potential (NNP) being NP-AP and the neutralizing potential ratio (NPR) being NP/AP. AP,
NP, and NNP typically are expressed in units of kilograms of calcium carbonate per metric ton of waste

material (kg CaCO3/metric ton). Positive NNP values are net alkaline and negative values are net acidic.

Although methods used for acid-base accounting have known limitations, it is common industry practice
to consider materials that have an NPR of 1 or less as potentially acid-generating (PAG) and materials
that have an NPR greater than 4 as being non-acid-generating (NAG) (Brodie et al. 1991, Price and
Errington 1998). Materials that have a ratio between 1 and 4 require further testing via kinetic tests and
geochemical assessment for classification (Brodie et al. 1991, Price 2009, Price and Errington 1998).
This further testing and assessment are necessary because if neutralizing minerals react before acid-
generating minerals, the neutralizing effect may not be realized and acid might be generated at a later
time—that is, pH of the system may decrease over time as neutralizing materials are used up, resulting
in acid mine drainage. Additionally, some toxic elements (e.g., selenium and arsenic) may be released
from mining materials under neutral or higher pH conditions, which would be observed during kinetic
leaching tests conducted at variable pH values. Depending on the water chemistry of both a receiving
water body and any mine drainage, released elements may either be transported downstream as

dissolved ions or form precipitates that travel as suspended solids or settle to the streambed.

In general, the rocks associated with porphyry copper deposits tend to straddle the boundary between
being net acidic and net alkaline, as illustrated by Borden (2003) for the Bingham Canyon porphyry
copper deposit in Utah (Figure 4-2A). AP values for porphyry copper deposits typically correlate with
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the distribution of pyrite. The pyrite-poor, low-grade core corresponds to the central part of the
Bingham Canyon deposit, where NNP values are greater than zero. Moving outward from the core to the
ore shell and pyrite shell, pyrite abundance increases and NNP values become progressively more
negative (Figure 4-2B).

4.2.3 Overview of the Mining Process

Developing a mine requires establishing surface or underground mine workings that allow access to the
ore body. The scope and complexity of development-related activities vary depending on the

characteristics of each project, but typically include the following components.

e Site preparation (clearing, stripping, and grading). Topsoil and overburden are removed and

typically stockpiled for later use in mine reclamation.

e Construction of mine site infrastructure. Specific requirements depend on the size and type of mine
operation, its location, and proposed mining, milling, and processing methods. Typical infrastructure
includes facilities for ore crushing, grinding, and other mineral separation processes; ore stockpiling
and waste rock disposal facilities; tailings storage facilities; water supply, treatment, and
distribution facilities; transportation infrastructure such as roads or railways; pipelines; conveyers;

and other infrastructure (e.g., offices, shops, housing).

e Establishment of mine workings. Once the site is prepared and infrastructure is constructed, mine
workings are established: ore is extracted and processed, water at the site is managed and treated,

and tailings and waste rock are stored and managed.

At each stage of mine development, potential impacts on the environment and human health can be
reduced by ensuring effective implementation of proper design, construction, operation, and
management techniques and protocols (Box 4-1).

Any mining company must comply with a number of federal, state, and local laws when developing and
operating a mine. Compliance is facilitated through the regulatory permitting process and involves
multiple state and federal agencies (see Box 4-2 for additional detail on these regulatory requirements).
Regulations also serve to hold an operator accountable for potential future impacts, through
establishment of financial assurance requirements and imposition of fines or compliance orders upon

non-compliance with permit requirements (Box 4-3).
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Figure 4-2. Neutralizing potential at the Bingham Canyon porphyry copper deposit in Utah. (A) Plot
of neutralizing potential (NP) vs. acid-generating potential (AP) for mineralized rock types. PAG
denotes potentially acid-generating. Note that the range of uncertainty is indicated as 1 to 2 in this

figure; in the assessment, we use the more conservative range of 1 to 4. (B) Plan view of the
distribution of net neutralizing potential (NNP) values. Plots modified from Borden (2003).
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BOX 4-1. REDUCING MINING’S IMPACTS

Reducing mining’s impacts on the environment and human health requires proper mine planning, design,
construction, and operation; appropriate management and closure of waste and water containment and
treatment facilities; and monitoring and maintenance over all mine-life phases, including post-closure. Some
general methods for reducing adverse impacts of mining are provided here, along with information about
how these concepts are incorporated into the assessment.

Best management practices refer to specific measures for managing non-point source runoff (40 CFR
130.2(m)). Measures for minimizing and controlling sources of pollution in other situations are often
referred to as best practices, state of the practice, or simply mitigation measures. These are not the best
possible or conceivable practices, but rather the current practices of the best operators. We assume that
these types of measures would be applied throughout a mine as it is constructed, operated, closed, and
post-closure. Although we describe some measures as they are relevant to a discussion, it is not necessary,
for the purpose of this assessment, to describe them all.

Mitigation refers to all steps taken to avoid, minimize, treat, or compensate for potential adverse impacts
on the environment from a given activity. One example of a mitigation measure for avoidance is to avoid
mining a particularly reactive type of rock that might make future leachate management too difficult.
Minimization of an impact is practiced when avoidance is not feasible, and includes measures taken to
lessen the amount of contaminant released. An example of a mitigation measure to minimize an impact is to
blend known acid-producing material with sufficient neutralizing material. Treatment is required when
contaminants are released. An example is the diversion and collection of seepage from a waste rock pile for
passage through a wastewater treatment plant to meet appropriate water quality criteria prior to release to
the environment. Many elements of our mine scenarios include mitigation measures and all are assumed to
meet minimum regulatory requirements. Appendix | contains further discussion of mitigation measures.

Compensatory mitigation refers to the restoration, establishment, enhancement, and/or preservation of
wetlands, streams, or other aquatic resources to offset environmental losses resulting from unavoidable
impacts on waters of the United States, as authorized by Clean Water Act Section 404 permits issued by the
U.S. Army Corps of Engineers (40 CFR 230.93(a)(1)). This becomes an option only after all opportunities for
aquatic resource impact avoidance and minimization have been exhausted. See Box 7-2 and Appendix J for
a more complete discussion of compensatory mitigation.

Reclamation refers to restoration of a disturbed area to an acceptable form and planned use following
closure of a mining operation. Our mine scenarios assume that the site would be reclaimed according to
statutory requirements and present some options that are feasible and common, but it is outside the scope
of this assessment to evaluate a specific post-closure plan.

Remediation refers to fixing a problem that has become evident, such as an accidental release or spill of
product or waste material. For example, a tailings slurry spill would require remediation. The dam may have
been designed and constructed to properly mitigate (i.e., avoid or minimize) the potential for a spill, but an
accident or failure could cause contaminant release, thereby creating the need for remediation.
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BOX 4-2. PERMITTING LARGE MINE PROJECTS IN ALASKA

Large mine projects in Alaska must comply with federal and state environmental laws, and many federal,
state, and local government permits and approvals are required before construction and operation of a
large hard rock mine can begin. The specific permits and approvals vary from project to project, depending
on the unique challenges posed by each mine.

Federal laws and agencies. The involvement of federal agencies varies for each mine, but most projects at
least require authorizations from the U.S. Army Corp of Engineers. Other agencies that may be involved
include (but are not limited to) the U.S. Environmental Protection Agency, the U.S. Fish and Wildlife Service,
the National Marine Fisheries Service, the U.S. Coast Guard, and the U.S. Department of Transportation.
Federal agency authorizations ensure that projects comply with the following applicable federal laws.

Clean Water Act e Endangered Species Act
Clean Air Act Bald Eagle Protection Act
National Environmental Policy Act Migratory Bird Act

National Historic Preservation Act Magnuson-Stevens Act
Resource Conservation and Recovery Act Mine Safety and Health Act
Rivers and Harbors Act

Alaska Department of Natural Resources permits and approvals. The Alaska Department of Natural
Resources (ADNR) Office of Project Management and Permitting coordinates the permitting of large mine
projects via the establishment of a large mine project team for each project. This project team is an
interagency group, coordinated by ADNR, that works cooperatively with large mine permit applicants and
operators, federal resource agencies, and the Alaskan public to ensure that projects are designed, operated,
and reclaimed in a manner consistent with the public interest.

ADNR may require the following permits and approvals.

e Plan of operations approval e Dam safety certification (certificates of approval
e Reclamation plan and bond approval to construct and operate a dam)
e Right-of-way for access and utilities (roads, power e Upland or tideland leases
lines, pipelines) e Material sale
Millsite lease o Winter travel permits
Permit to appropriate water e Cultural resource authorization
e Mining license

Alaska Department of Environmental Conservation permits and approvals. The Alaska Department of
Environmental Conservation may require the following permits related to wastewater management and
water and air quality.

e Waste management permit e Air quality permits
e Alaska pollutant discharge elimination permit e Approval to construct and operate in a public
e Domestic and non-domestic wastewater disposal water supply system
permits e Plan review for non-domestic wastewater
e Certificate of reasonable assurance for 404 treatment system
permits e Plan review and construction approval for
e Stormwater discharge pollution prevention plan domestic sewage system

e Qil discharge prevention and contingency plan

Other state permits and approvals. The state may require the following permits and approvals.

e Fish passage permit e Life and fire safety plan check

e Fish habitat permit e State fire marshal plan review certificate

o Utility permit on right of way o C(Certificate of inspection for fired and unfired
e Driveway permit pressure vessel

e Approval to transport hazardous materials e Employer identification number

Bristol Bay Assessment 49 January 2014



Chapter 4 Type of Development

BOX 4-3. FINANCIAL ASSURANCE

Many of the regulatory checks listed in Box 4-2 help to reduce potential impacts of mining on the
environment, but they do not ensure that a permitted mine will have negligible effects on the environment.
Even with the most stringent requirements, accidents and human error may cause mine systems to fail—and
the most unpredictable accidents and errors often result in the most economically and environmentally
costly failures. Thus, regulations also serve to hold an operator accountable during mine operations via both
the imposition of fines for non-compliance with permit regulations and the establishment of financial
assurance requirements for closure and reclamation of the mine. Financial assurance basically means that
operators must ensure that sufficient funds are available for future remediation, closure, and reclamation of
a mine.

Operators of Alaska’s hard rock mining facilities, including copper and gold facilities, are required by the
state to demonstrate financial assurance for reclamation, waste management, and dam safety costs.

e Prior to the start of hard rock mining operations on state-owned, federal, municipal, or private land, the
Alaska Department of Natural Resources (ADNR) must approve a reclamation plan and financial
assurance must be demonstrated in an amount necessary to ensure performance of the plan (Alaska
Statute 27.19).

e The Alaska Department of Environmental Conservation may require hard rock mining operations that
dispose of solid or liquid waste material or heated process or cooling water under a waste management
and disposal permit to demonstrate financial assurance in an amount based on the estimated costs of
required closure activities and post-closure monitoring for the waste management area (Alaska Statute
46.03.100(f)).

e Operators of hard rock mines on state-owned or privately owned land seeking ADNR approval to construct
mine tailings dams must demonstrate financial assurance to cover the cost of reclamation and post-
closure monitoring and maintenance of the dam (Alaska Statute 46.17).

e Operators of hard rock mining facilities on land managed by the Bureau of Land Management or U.S.
Forest Service can be required by these agencies to demonstrate additional financial assurance for
reclamation (43 CFR 3809 and 36 CFR 228 Subpart A, respectively).

e |n addition to State of Alaska and Bureau of Land Management financial assurance requirements,
facilities operating under leases, permits, or other agreements for the development of hard rock minerals
on tribal lands can be required by the Bureau of Indian Affairs to demonstrate financial assurance to
ensure compliance with the terms and conditions of the mineral agreement and applicable statutes and
regulations (25 CFR 211.24 and 225.30).

Financial assurance calculations assume that a government entity would have to enter the site and
commence reclamation activities without the benefit of any equipment or labor that may be at the site. The
process determining the cost of every shovel, loader, gallon of fuel, and hour of labor is revisited and
adjusted as necessary every 5 years. The State of Alaska allows several types of assurance (e.g., cash, gold
bullion, surety bonds, reclamation trust funds, irrevocable letters of credit).

Example Financial Assurance Amounts for Alaska Mines

Mine Amount
Fort Knox $68,852,293
Kensington $28,727,011
Pogo $44,430,000
Red Dog $305,150,000

It is important to note that effective financial assurance depends on accurate estimates of costs, which
poses challenges when dealing with the potentially long-term, unpredictable, and costly events that a hard
rock mining operation must consider. For example, current financial assurance requirements do not address
chemical or tailings spills because of the greater degree of uncertainty related to these accidents; whereas
the costs associated with reclamation and closure can be estimated, the cost of cleaning up a spill is
unpredictable. However, financial assurance calculations increasingly include long-term water treatment.
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4.2.3.1 Extraction Methods

The low concentrations of disseminated metals in porphyry copper deposits require large amounts of
ore to enable a return on investment. Bulk or large-scale mining methods have been developed for this
purpose, and specific mining methods depend on ore quality and depth. A long-range mining plan is
usually developed first to match the final mine design with the available ore reserves, weighing
economics against engineering restrictions. This plan is re-evaluated throughout the life of the mine to
reflect changes in the economy, increased knowledge of the ore body, and potential changes in mining

technology.

Porphyry copper deposits are most commonly mined using open pit and, less commonly, underground
mining methods (John et al. 2010). Open pit mining is typically used to extract ore where the top of a
deposit is within 100 m of the surface (Blight 2010). Excavation of a pit begins at the surface, with
drilling and blasting to strip overburden from the ore body surface. The equipment and materials used
will fit the economies of scale for the project (e.g., mine life, daily production). The ore is drilled and
blasted according to a blasting pattern. The size and spacing of the drill holes and the amount of
explosives used determine the size of the material that is loaded and hauled to the crushing plant. The
pit is successively enlarged until the pit limits are established by the extent of ore that can be profitably

mined.

Pit design depends on the material characteristics of the ore and waste rock. The moisture content,
strength, and load-bearing capacity of the ore and waste rock help determine the angle of the pit slopes,
which generally are designed to be as steep as possible while still maintaining stability. A properly
designed pit reduces the stripping ratio, or the volume of waste rock to ore, thereby increasing
efficiency, potentially decreasing costs, and optimizing the amount of ore that can be mined

economically.

Block caving is an underground mining method used for large deposits with rock mass properties
amenable to sustainable caving action (Singer et al. 2008, Lusty and Hannis 2009, Blight 2010). Such
deposits typically have mineralization throughout the rock (e.g., porphyry copper deposits) and are too
deep to be mined economically by open pit methods. Block caving uses gravity to reduce the amount of
drilling and blasting required to extract ore. It involves tunneling to the bottom of the ore and
undercutting it, so that the deposit caves under its own unsupported weight. As ore is removed from
below, fractures spread throughout the block, which breaks into fragments and is removed from the

bottom of the enlarging void (Box 4-4).

Underground mining via block caving has a different set of costs than open pit mining, because of the
extensive drilling of tunnels and shafts through non-ore-bearing rocks needed to gain access to the ore.
Once begun, block caving generally requires less drilling and blasting, allows for less ore selectivity in
the mining process, and may require less labor relative to open pit mining. As with other types of
mining, the economics of block caving are determined by the prices of the metals being extracted,
operational costs, and a number of other factors. If block caving allows the mining of additional ore that

could not be mined using open pit mining methods, it creates the need for additional tailings storage
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capacity, increased capacity at the mill, increased consumption of utilities such as water and power,
increased production of metal concentrates, and possible extension of the mine life.

BOX 4-4. BLOCK CAVING AND SUBSIDENCE

Subsidence at the ground surface is an inevitable result of the extraction of any underground resource (SME
2011). Block caving causes the surface above the worked-out mine to collapse into the void created by the
removed ore. The area of subsidence on the ground’s surface generally is larger than the area actually
block-caved underground (Whittaker and Reddish 1989, USDA 1995). The extent and rate at which
subsidence occurs depend on a number of factors, including the strength and thickness of the overburden,
the extent of faulting and fracturing, and the depth of the mine workings (Whittaker and Reddish 1989).

In addition to altering surface topography, subsidence can affect both the quantity and quality of surface-
water and groundwater systems, either directly or indirectly. For example, Slaughter et al. (1995) observed
both increases and decreases in groundwater levels and changes in groundwater total dissolved solids
concentrations due to subsidence at a coal mine in Utah. The authors attributed the rise in the water table
to stream water seeping through fractures in the streambed, the subsequent decrease in the water table to
connectivity between streambed fractures and the mine workings, and the total dissolved solids changes to
exposure of the water to mine workings (Slaughter et al. 1995).

Backfilling a mining void is known to reduce subsidence. However, this requires a sufficient amount of
suitable material, which may need to be imported in areas mined with methods that generate little waste
material (SME 2011). Void-filling grout also may be used to mitigate subsidence, as well as to minimize
oxidation of mined surfaces to reduce the potential for production of acid mine drainage.

4.2.3.2 Water Treatment and Management

Because mine workings must be kept dry for the duration of mining activities, dewatering is required for
both open pit mines and block caving operations. Dewatering is accomplished by pumping water either
directly from the pit or underground workings or from wells surrounding these areas. This pumping of
water may create a cone of depression, which is a cone-shaped reduction in water level extending
outward from the point of water withdrawal, where water levels are lowest. Water extracted during
dewatering typically is pumped to lined process water ponds for use in the milling process. Excess water

typically is tested and, if necessary, treated before discharge.

In hard rock metal mining, most water use occurs during milling and separation operations. This water
is obtained from the mine site area and then held in storage facilities until its use. However, much of the
water used in the mining process is recycled and reused. For example, the water used to pump tailings
slurry from the mill to the tailings storage facility (TSF) becomes available when the tailings solids settle
and excess overlying water is recycled back to the mill. Other water use needs include power plant

cooling and transport of metal concentrate slurry (where transport occurs via pipeline).

In general, stormwater runoff is diverted around mine components (e.g., the open pit or waste rock
piles) to keep it from becoming contaminated, and then collected in sedimentation ponds to settle out
suspended solids prior to use or discharge to a stream. Stormwater runoff that contacts mine
components may be contaminated with pollutants. Such water is directed to collection ponds and
treated before being used in mine processes or released. Seepage and leachate are directed to storage
ponds for containment, treated, and released to the environment. Tailings may be dewatered, and

reclaimed water directed to process water holding ponds for reuse. Surface water and groundwater are
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monitored for contamination throughout mine operations, and are routed to a treatment facility if

significant contamination is detected.

Water treatment options include physical or chemical methods—for example, reverse osmosis
(physical) and formation of precipitated solids (chemical)—used together or independently. The choice
of treatment methods and the chemicals used for treatment depends on the site’s specific water

chemistry and the water’s end use.

Once mining ceases, an open pit is typically allowed to fill with water. Acid-generating waste rock and
other potentially acid-generating (PAG) materials (e.g., pyrite-rich tailings) may be placed at the bottom
of the pit to submerge these materials and reduce the potential for acid mine drainage once the pit fills.
In block caving, ore is removed from the ground and the resulting void is filled by overlying materials

(Box 4-4). After mining operations cease, groundwater fills in the remaining pore spaces in the void.

4.2.3.3 Ore Processing

Generally, two streams of materials come from a mine: ore and waste rock (Figure 4-3). Ore is rock with
sufficient amounts of metals to be economically processed. Waste rock is material that has little or no
economic value at the time of disturbance, although it may have recoverable value at a future time

(i.e., under different technological or economic conditions).

Ore blasted from a porphyry copper mine typically is hauled to a crushing plant near or in the mine pit
(Figure 4-3). The crushing plant reduces ore to particle sizes manageable in the processing mill (e.g., less
than 15 cm; Ghaffari et al. 2011). Crushed ore is carried by truck or conveyer to a ball mill, where
particle size is further reduced (e.g., 80% to less than 200 pum; Ghaffari et al. 2011) to maximize the
recovery of metals. The milled ore is subjected to a flotation process with an aqueous mixture of
chemical reagents (Box 4-5) to collect valuable copper, molybdenum, and gold minerals in a copper-
molybdenum concentrate, which also contains gold. Bulk tailings are the material remaining after the
first flotation circuit, which are directed to a TSF (Figure 4-3). Figure 4-3 assumes NAG bulk tailings;
however, if prior testing has indicated the potential for acid production, they can be treated further to
minimize this potential prior to their disposal. The copper-molybdenum (+gold) concentrate may be fed
through a second ball mill to regrind the particles (e.g., 80% to less than 25 um; Ghaffari et al. 2011).
Once sufficiently sized, the regrind concentrate is directed into a second flotation process and then to a
copper-molybdenum separation process. Final products are a copper concentrate that includes gold, a

molybdenum concentrate, and pyritic tailings (Figure 4-3).

The most profound influence that ore processing can have on long-term management of a mine site
centers on the fate of pyrite (Fuerstenau et al. 2007). Traditionally, PAG and NAG tailings were
discharged together, thereby contributing to the acid-generating potential of the TSF. It is possible to use
a technique called selective flotation to separate most of the pyrite into the cleaner circuit tailings (PAG)
with the rougher tailings (bulk tailings in Figure 4-3) comprising predominantly NAG minerals. The PAG

tailings would need to be stored separately and kept isolated from oxygen.
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Figure 4-3. Simplified schematic of mined material processing.
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BOX 4-5. CHEMICALS USED IN ORE PROCESSING AND HANDLING

After dry grinding and milling, water is added to the fine ore particles to create a slurry. This slurry undergoes
further beneficiation using chemical reagents to separate minerals from gangue (rock barren of target
minerals) and to separate one mineral from another. Reagents are added to the slurry at different points in
the process to chemically or physically modify the surface of particles and facilitate separation. The amounts
and types of reagents used are site-specific and depend on many factors such as particle size variation,
particle density, ore grade, and host rock character. The volume of reagents used per metric ton of ore is
closely monitored to optimize the mineral concentration process and minimize the unnecessary use of
reagents. Although highly site-specific, most reagents are used at a rate of 0.01 to 0.3 kg of reagent per
metric ton of ore (USEPA 1994a, Khoshdast and Sam 2011). To ensure the flotation system is optimized,
the incoming ore composition is monitored and the reagent mix is modified as changes occur due to
variations in the ore.

The reagents used in flotation generally fall into five categories.

e Collectors (e.g., xanthates, dithiophosphates) increase the ability of air bubbles to stick to a particle.
Toxicity of collectors varies widely within the group, but some commonly used collectors, such as sodium
ethyl xanthate, are toxic to freshwater organisms (Alto et al. 1977, Vigneault et al. 2009).

o pH regulators (e.g., lime, caustic soda, sulfuric acid) are added to maintain the proper pH level in the
slurry. If released, these reagents could affect pH in natural waters.

o Frothers (e.g., aliphatic alcohol, methylisobutyl carbinol, propylene glycol) increase the stability of air
bubbles so they do not burst before bringing a particle to the surface. These reagents are generally
considered to have low toxicity (Fuerstenau 2003).

¢ Flocculants and dispersants (e.g., polyacrylamides, aluminum salts, polyphosphate) promote settling of
fine materials and separation of fine gangue materials. They are generally considered to have low toxicity
(Vigneault et al. 2009).

o Modifiers (e.g., cyanide salts, carboxymethylcellulose) make collectors more effective by either activating
or depressing certain reactions. Toxicity of these reagents varies widely.

Although some of these reagents can be transported to a mine site as powder or pellets, most material
arrives in liquid form.

The gold in porphyry copper deposits is partitioned among the copper-sulfide minerals (chalcopyrite,
bornite, chalcocite, digenite, and covellite), pyrite, and free gold (Kesler et al. 2002). Gold associated
with the copper minerals would stay with the copper (+gold) concentrate and be recovered at an off-site
smelter. Gold associated with pyrite would end up in the TSF unless a separate pyrite concentrate were
produced, and gold could be recovered from this concentrate by a vat leaching cyanidation process
(Logsdon et al. 1999, Marsden and House 2006) (Box 4-6).

Porphyry copper deposits (and other metal deposits) often have marketable quantities of metals other
than the primary target metals. These metals are carried through the flotation process and might be
removed at some later point. As an example, the Pebble deposit is reported to have marketable
quantities of silver, tellurium, rhenium, and palladium (Ghaffari et al. 2011), which are not sufficiently

concentrated in the ore to warrant separation and production of an additional metal concentrate.

The process for removing metals from ore is not 100% efficient. At some point the cost of recovering
more metals exceeds their value, so the amount of metals left in the tailings represents a tradeoff
between revenues from more complete ore processing and extraction costs. The process proposed by
Ghaffari et al. (2011) would recover 86.1% of the copper, 83.6 % of the molybdenum and 71.2% of the
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gold from the Pebble deposit ore. The residual metals remaining with the tailings would be discharged
to a TSF along with the residue of blasting agents, flotation reagents, and inert portions of the ore.

BOX 4-6. USE OF CYANIDE IN GOLD RECOVERY

At mines producing both copper and gold, copper concentrate and gold doré (unrefined gold produced at the
mine site) are extracted using standard processes such as gravity separation and froth flotation. If enhanced
gold recovery is undertaken at the mine site, cyanide is universally used for such gold extraction (Marsden
and House 2006).

The gold recovery process involves a cyanide leach step. The solution that remains after the cyanidation
process is commonly passed through either a cyanide recovery unit or a cyanide destruction unit. Cyanide
recovery allows the recycling of cyanide for reuse in the cyanidation process. Cyanide destruction converts
the cyanide ion to less toxic cyanate, which is then treated in a wastewater treatment plant for discharge or
transferred to a tailings storage facility (TSF). Because the tailings from this process have high
concentrations of acid-generating sulfides, they are typically directed to the TSF, encapsulated in non-acid-
generating tailings, and kept saturated to minimize oxidation. If water is recycled from the TSF into the
copper process water system, cyanide can interfere with the flotation process; to prevent this interference,
some mines isolate cyanidation tailings in a separate TSF (Scott Wilson Mining 2005).

Once in the TSF, cyanide concentrations may decrease through natural attenuation (e.g., volatilization,
photodegradation, biological oxidation, precipitation) (Logsdon et al. 1999). Cyanide may escape the TSF
through seepage or as dust from tailings beaches. Because cyanide dissolves other metals such as copper,
fauna also may be exposed to high metal concentrations and toxic copper-cyanide complexes.

Reported rates of cyanide use at gold mines average about 0.15 to 0.50 kg of cyanide (as sodium cyanate)
per metric ton of concentrate after cyanide recovery (Stange 1999).

4.2.3.4 Tailings Storage

Tailings are a mixture of fine-grained particles, water, and residues of reagents remaining from the
milling process. The most common method of tailings storage is disposal in an impoundment (i.e., a TSF)
(Porter and Bleiwas 2003). Tailings are transported from the mill to a TSF as a slurry, of which solids—
silt to fine sand particles (0.001 to 0.6 mm) with concentrations of metals too low to interact with
flotation reagents—typically make up 30 to 50% by weight. Tailings may be thickened (dewatered)
prior to disposal. Thickening reduces evaporation and seepage losses and allows recycling of more
process water back to the processing plant, thereby reducing operational water demand. It also

minimizes the amount of water stored in the TSF.

Tailings impoundments are water-holding structures typically built by creating a dam in a valley.
Tailings dams are generally earthen or rockfill dams constructed from waste rock or the coarse fraction
of the tailings themselves. The majority of existing tailings dams are less than 30 m in height, but the
largest exceed 150 m (McLeod and Murray 2003, National Inventory of Dams 2005, Rico et al. 2008).

The engineering principles governing the design and stability of tailings dams are similar to the
geotechnical principles for earthen and rockfill dams used for water retention. They are typically built in
sections, called lifts, over the lifetime of the mine, such that dam height increases ahead of reservoir
level, using upstream, downstream, or centerline methods (Figure 4-4). Tailings dams built by the
upstream method are less stable against seismic events than dams built by either the downstream or the
centerline method (ICOLD 2001). This is because part of the dam rests on the tailings, which have a
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lower density and a higher water saturation than the dam materials (USEPA 1994b). Although upstream
construction is considered unsuitable for impoundments intended to be very high or to contain large
volumes of water or solids (State of Idaho 1992), this method is still employed (Davies 2002). For
example, an upstream dam lift was recently designed and constructed on the Fort Knox Mine tailings
impoundment dam near Fairbanks, Alaska (USACE 2011). The downstream method is considered more
stable from a seismic standpoint, but it is more expensive to implement than the upstream method.
Centerline construction has characteristics of both upstream and downstream types (USEPA 1994b,
Martin et al. 2002).

As they fill with tailings, TSFs must store immense quantities of water (Davies 2011). Water level is
controlled by removing excess water either for use in the mining process or for treatment and
subsequent discharge to local surface waters. Tailings are deposited against the embankment through
spigots or cyclones. Coarser-grained sands are directed at the embankment to create a beach, causing
water and fines to drain away from the dam to form a tailings pond. Care must be taken to prevent the
formation of low-permeability lenses or layers on tailings beaches, as these layers may perch water in

the TSF such that saturation of or flow through the dam may occur, leading to erosion or failure.

Although most of the tailings dam mass consists of fairly coarse and permeable material, the dams often
have a low permeability core to limit seepage, as well as internal drainage structures to collect seepage
water and to control pore pressures. Mitigation measures for seepage through or beneath a tailings dam

may include any combination of liners, seepage cutoff walls, under-drains, or decant systems.
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Figure 4-4. Cross-sections illustrating (A) upstream, (B) downstream, and (C) centerline tailings
dam construction. In each case, the initial dike is illustrated in light gray, with subsequent dike raises
shown in darker shades (modified from Vick 1983). Tailings dams in our mine scenarios are assumed
to use the downstream construction method initially and at some point change to centerline
construction.

Tailings
Tailings
Tailings

Liners may cover the entire impoundment area (e.g., as proposed for the Donlin Creek Mine TSF in
Alaska) or only the pervious bedrock or porous soils. Full liners beneath TSFs are not always used;
however, at least in Australia, mining companies are required to justify why a liner would not be
necessary (e.g, the foundation has a sufficiently low saturated hydraulic conductivity or the
groundwater has no beneficial use) (Commonwealth of Australia 2007). Full liners may not be
economically practicable, in which case partial liners may be used to cover areas of pervious bedrock or

porous soils.

Liners can include a high-density polyethylene, bituminous, or other type of geosynthetic material
(geomembrane) and/or a clay cover over an area of higher hydraulic conductivity. A clay liner may have
a saturated hydraulic conductivity of 10-8 m/s, whereas a ggomembrane may have a hydraulic
conductivity of approximately 10-10 m/s (Commonwealth of Australia 2007). However, geomembrane
technology has not been available long enough to know the service life of these liners. Laboratory tests
and data from landfills suggest that high-density polyethylene liner lifespans range from 69 to 600
years, depending on whether it is the primary (upper) or secondary (lower or backup) liner (Rowe
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2005, Koerner et al. 2011). In general, longer lifespans are expected at lower temperatures and
exposures to light (Rowe 2005, Koerner et al. 2011). Breakdown of the liner material and punctures by
equipment or rocks may limit the effective life of liners (Rowe 2005). Overly steep slopes also may put
stresses on geomembranes and cause them to fail. Service life data for other types of geomembranes are
anecdotal and based on field performance, since no laboratory studies have been conducted (Koerner et
al. 2011).

If seepage is expected or observed, mitigation or remedial measures such as interception trenches or
seepage recovery wells can be installed around the perimeter and downstream of the TSF to capture
water and redirect it to a treatment facility. Precipitation runoff from catchment areas up-gradient of the

TSF is typically diverted away from the impoundment to reduce the volume of stored liquid.

Dry stack tailings management, in which tailings are filtered and “stacked” for long-term storage, is a
newer, less commonly used tailings disposal method. Dry stacked tailings require a smaller footprint,
are easier to reclaim, and have lower potential for structural failure and environmental impacts (Martin
et al. 2002) (Box 4-7). Dry stack technology has found greatest acceptance in arid regions where water is
scarce or expensive, although dry stacks are also used in wet climates or in cold regions where water
handling is difficult (Martin et al. 2002). Currently, the only mines in Alaska that use dry stack tailings
disposal are underground mines with high-grade ore and relatively low quantities of tailings (e.g.,
Greens Creek, a lead, silver, zinc mine in southeast Alaska; Pogo, a gold mine in eastern interior Alaska;

and Nixon Fork, a gold mine in west-central Alaska).

BOX 4-7. DRY STACK TAILINGS MANAGEMENT

In a dry stacking operation, tailings are dried using filter presses or vacuum technologies such that water
content typically falls below 20%. The dewatered tailings are either loaded into trucks or transported by
conveyer to the tailings storage facility (TSF), where they are spread in lifts and compacted, similar to a
traditional earth-moving operation.

The compacted tailings have a higher in-place bulk density than tailings placed using more conventional
slurry methods. We estimate that dry stacking would reduce the required volume for tailings storage by
approximately 15%. The lower water content of dry stack tailings means that less water is captured in the
void spaces between solid tailings particles, reducing the amount of water “lost” to the TSF by approximately
one-third. The additional water that is not captured in the TSF is available for treatment and release,
potentially reducing streamflow losses in local streams. The higher density and lower water content of the
tailings also increase their stability. In many cases, the need for a confining embankment and the risk of a
tailings dam failure and tailings liquefaction can be eliminated with dry stack management.

The additional capital costs for dewatering equipment and the high energy cost of dewatering have often
been barriers to adopting dry stack tailings management for low-grade ores such as porphyry copper.
However, higher production costs may be at least partially offset by cost savings in other areas. For example,
the increased stability of a dry stacked TSF may reduce closure costs, post-closure monitoring costs, and
post-closure financial assurance requirements.

Dry stacked tailings are typically placed in unsaturated conditions, which can increase the exposure of
tailings to oxygen. Thus, this type of storage may be less appropriate for potentially acid-generating tailings
or may require additional engineering controls to limit, collect, or treat acid drainage. Where TSFs are
typically used to store water as well as tailings, the use of dry stack tailings may not eliminate the need for
construction and operation of a separate water impoundment facility.
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4.2.3.5 Waste Rock

Waste rock is rock overlying or removed with the ore body that contains uneconomic quantities of
metals. A waste-to-ore ratio of 2:1—that is, the removal of 2 metric tons of waste rock for each metric
ton of ore—is not uncommon for porphyry copper deposits (Porter and Bleiwas 2003). Waste rock is
stored separately from tailings (Blight 2010), typically in large, terraced stockpiles. Some waste rock
that contains marketable minerals may be stored such that it can be milled if commodity prices increase
sufficiently or if higher than usual metal concentrations in ore require dilution to optimize mill
operation. However, the potential for environmental impacts must be managed if the waste rock is PAG,
via selective handling, drains, diversion systems, or other means. PAG waste rock also may be blended
with ore in the mill to maintain a steady and predictable composition of feed material for the flotation
process over time. NAG waste rock may be placed in piles near the open pit, with ditches to divert
stormwater around the piles and drains (or other systems) to capture leachate or direct it toward the
open pit. At closure, a dry cover (e.g., encapsulation) can be placed over the waste rock pile to isolate it
from water and oxygen, or the pile could be placed into the completed open pit and kept below the
water line if it contains PAG material, depending on site-specific characteristics (0O’Kane and Wels 2003).
With small pits and in some settings, it is beneficial to fill the pit with waste rock and other waste

material and then construct a dry cover over the filled pit area.

4.2.4 Timeframes
The mining process described above can be thought of in terms of three distinct periods.

e Operation refers to the period during which the mine is active—that is, the period when mine

infrastructure is being built and ore is being extracted and processed.

e Closure refers to the period following completion of mining operations (either as planned or
prematurely) when mining has ceased and activities related to reclamation and preparation of the
site for future stability continue. During this period, waste areas are reclaimed and facilities needed
to support ongoing monitoring and maintenance activities—such as stormwater management
ditches, monitoring wells, engineered covers on waste materials (if required), wastewater treatment
plants, and roads—are created, retained from the operational period, or replaced or remediated if

they had become compromised.

e Post-closure refers to the extended period following closure activities when monitoring and
maintenance activities continue. During this time, water leaving the site is monitored and treated for
as long as contaminants are present at levels exceeding regulatory standards. The post-closure
phase may last decades, centuries, or longer, until only minimal oversight is required. Such minimal
oversight is necessary, perhaps in perpetuity, to ensure the remaining infrastructure’s structural
integrity and to minimize environmental impacts. Given the limited lifetime of human institutions,
continued monitoring and maintenance of the site might become increasingly unlikely as the time

from mine closure increases.
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5.1 Overview of Assessment Endpoints

Selection of assessment endpoints is a key component of the problem formulation stage of an ecological
risk assessment. Each endpoint is an explicit expression of the environmental values of concern in the
assessment, in terms of both the entity valued (e.g., a species, community, or ecological process) and a
potentially at-risk characteristic or attribute of that entity (USEPA 1998). Endpoints can be defined at
any level of ecological organization, from within an organism to across ecosystems, depending on the
needs of the assessment. In all cases, however, selected endpoints should be relevant to both ecology

and decision-maker needs, as well as susceptible to potential stressors (USEPA 1998).

We consider three endpoints in this assessment: (1) the abundance, productivity, or diversity of the
region’s Pacific salmon and other fish populations; (2) the abundance, productivity, or diversity of the
region’s wildlife populations; and (3) the health and welfare of Alaska Native cultures. Endpoint 1 is
evaluated in terms of direct effects of mining; endpoints 2 and 3 are evaluated indirectly, in terms of
effects resulting from fish-related impacts (i.e., via fish-mediated effects). Each of these endpoints meets
the criteria of ecological relevance, management relevance, and potential susceptibility to stressors

associated with large-scale mining.

The assessment focuses most heavily on Endpoint 1, which is the only endpoint for which direct effects
of mining are considered (Section 2.2.1). Most analyses center on Pacific salmon, rainbow trout, and
Dolly Varden. This focus reflects the ecological, economic, and cultural significance of these fish species,
as well as data availability. Other parts of the region’s aquatic ecosystems, including algae, aquatic
invertebrates, and smaller resident fishes such as sculpins, also may be affected by large-scale mining.
However, these taxa are not as relevant to decision makers and data on their distributions, abundances,

and susceptibilities are more limited.
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We evaluate Endpoints 2 and 3 indirectly, in terms of the effects of large-scale mining on Endpoint 1 (i.e.,
via fish-mediated effects). This focus on indirect effects is not meant to suggest that mining would
directly affect only fish populations, or that direct effects of mining on wildlife and Alaska Native
populations would be inconsequential. Rather, it reflects the ecological and regulatory importance of the
region’s fisheries and their susceptibility to potential impacts. Under Endpoint 2, we focus on wildlife
species that depend on salmon for food (e.g., brown bear, bald eagles, gray wolves, waterfowl) or that
are important subsistence foods for Alaska Natives (e.g., moose, caribou). Although Alaska Natives are
not the only people who would potentially be affected by mining in the region, Endpoint 3 focuses on
Alaska Native populations because of the centrality of salmon and other salmon-dependent resources to
their way of life and well-being, and because this assessment was initiated in response to requests from
federally recognized tribal governments to restrict large-scale mining in the watersheds. We focus on
the primary Alaska Native cultures of the Nushagak and Kvichak River watersheds, the Yup’ik and
Dena’ina. Sugpiaq people, who traditionally lived along the Alaska Peninsula within the greater Bristol
Bay watershed, still live in this region. However, because the Alaska Peninsula falls outside the
Nushagak and Kvichak River watersheds, these cultures were not included in the assessment (Box 5-1).
We also recognize that non-Native people have lived in the Bristol Bay region for hundreds of years, and
also consider salmon integral to their way of life. Further discussion of the scope of the assessment and

how this scope was defined can be found in Chapters 1 and 2.

In the following sections, we discuss each of the three assessment endpoints in greater detail. We
present information on the fish and wildlife species considered, including what is known about their life
histories, distributions, and abundances both across the Bristol Bay watershed (Scale 1) and within the
Nushagak and Kvichak River watersheds (Scale 2). We discuss the Alaska Native populations in the
region and examine why the region’s salmon fisheries are an ecologically, economically, and culturally

important resource.

BOX 5-1. CULTURAL GROUPS IN THE BRISTOL BAY WATERSHED

Within the Bristol Bay watershed there are three main cultural groups: the Yup'ik, the Dena’ina, and the
Sugpiaq. Prior to western contact, these three groups tended to be seasonally dispersed, with large
populations periodically gathering in a central location. Westernization efforts by both Russia and the United
States promoted permanent communities with year-round occupation. Some communities grew around
traditional Alaska Native sites (e.g., Nondalton); other communities were built where resources were more
concentrated or accessible. Naknek is one of the older recorded communities in the Bristol Bay region, with
archaeological surveys indicating that Alaska Natives have occupied the Naknek area for at least 6,000
years.

Although there are descendants of the Sugpiaq that currently live both along the Alaska Peninsula and
within the Nushagak and Kvichak River watersheds, this assessment focuses on the primary cultural groups
found within the Nushagak and Kvichak River watersheds, the Yup’ik and the Dena’ina.
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5.2 Endpoint 1: Salmon and Other Fishes

The Bristol Bay watershed is home to at least 29 fish species, representing at least nine different families
(Table 5-1). The region is renowned for its fish populations, and it supports world-class fisheries for
multiple species of Pacific salmon and other game fishes (Dye and Schwanke 2009). These resources
generate significant benefit for commercial fishers, support valued recreational fisheries (Figure 5-1),

and provide sustenance for Alaska Native populations and other ru